Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-17-2013

Diversity and Characteristics of Heat-Stress Adaptation in Listeria
Monocytogenes Strains
Priyanka Mahesh Jangam

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Jangam, Priyanka Mahesh, "Diversity and Characteristics of Heat-Stress Adaptation in Listeria
Monocytogenes Strains" (2013). Theses and Dissertations. 1546.
https://scholarsjunction.msstate.edu/td/1546

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

Automated Template C: Created by James Nail 2011V2.02

Diversity and characteristics of heat-stress adaptation in Listeria monocytogenes strains

By
Priyanka Jangam

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Food Science and Technology
in the Department of Food Science, Nutrition and Health Promotion
Mississippi State, Mississippi
August 2013

Copyright by
Priyanka Jangam
2013

Diversity and characteristics of heat-stress adaptation in Listeria monocytogenes strains
By
Priyanka Jangam
Approved:
_________________________________
Ramakrishna Nannapaneni
Associate Research Professor
Food Science, Nutrition and Health
Promotion
(Director of Thesis)

_________________________________
M. Wes Schilling
Associate Professor
Food Science, Nutrition and Health
Promotion
(Committee Member)

_________________________________
Juan L. Silva
Professor
Food Science, Nutrition and Health
Promotion
(Committee Member)

_________________________________
Zahur Z. Haque
Professor
Food Science, Nutrition and Health
Promotion
(Graduate Coordinator)

_________________________________
George M. Hopper
Dean of the College of
Agriculture and Life Sciences
_________________________________

_________________________________

Name: Priyanka Jangam
Date of Degree: August 17, 2013
Institution: Mississippi State University
Major Field: Food Science and Technology
Major Professor: Ramakrishna Nannapaneni
Title of Study:

Diversity and characteristics of heat-stress adaptation in Listeria
monocytogenes strains

Pages in Study: 98
Candidate for Degree of Master of Science
A set of 37 strains including 13 serotypes of Listeria monocytogenes (Lm) were
analyzed for heat tolerance at 60°C for 10 min and further categorized into three groups;
low (strains with <2 log survival), medium (2-4 log survival), and high (4-6 log survival)
heat tolerant. When Lm strains representing each group were subjected to sub-lethal heatstress at 48°C prior to 60°C, the survivals of all strains were increased by at least 5 log
CFU/ml when compared to controls. Sub-lethal heat-stress at 48°C for 30-60 min
increased the heat-stress resistance of Lm strains by doubling D60°C values from 1.9-4.3 to
5.0-10.4 min. When Lm cells were cooled after sublethal heat-stress at 48°C prior to 60°C
treatment, such acquired heat-stress adaptation was unstable at 22°C but was found to be
highly stable for up to 24 h at 4°C. These results will have potential implications in food
safety risk analysis for Lm.

Keywords: Listeria monocytogenes, heat tolerance, heat-stress adaptation,
serotypes, stability of heat-stress adaptation.

DEDICATION
I dedicate my work to my parents Mr. Mahesh Jangam and Mrs. Sadhana Jangam
who showed faith on me and gave me the opportunity to study in United States. I would
also like to dedicate my work to Mr. Keval Kavle whose proficient expressions always
made me realize my ability which helped me going through this phase. In addition, I am
also thankful to Dr. Kamleshkumar Soni whose shares the major success of this work and
for his consistent assistance and encouragement throughout my program of study.

ii

ACKNOWLEDGEMENTS
I am grateful to Dr. Nannapaneni who funded me during this course of work and
for his guidance throughout. I would also like to thank Mr. Qian Shen for his generous
help and kindness, and making difficult things easy. Also, I would appreciate Ms. Pooja
Pandare and Ms. Piumi Abeysundara for helping me during the laboratory experiments.
Additionally, I would also like to express my gratitude towards all my mentors Dr.
Schilling, Dr. Silva, Dr. Kim in the FNSHP department under whose supervision I
completed all my coursework. At the end, I would also thank all my friends in Starkville
for providing me a wonderful family atmosphere and always encouraging me.

iii

TABLE OF CONTENTS
DEDICATION.................................................................................................................... ii
ACKNOWLEDGEMENTS............................................................................................... iii
LIST OF TABLES............................................................................................................. vi
LIST OF FIGURES .......................................................................................................... vii
CHAPTER
I.

INTRODUCTION .............................................................................................1

II.

LITERATURE REVIEW ..................................................................................5
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

Introduction to Listeria monocytogenes ................................................5
Background and Occurrence of Listeria monocytogenes ......................7
Outbreaks related to Listeria monocytogenes ........................................8
Pathogenesis of Listeria monocytogenes .............................................13
Introduction to microbial stress and stress response ............................16
Heat stress in Listeria monocytogenes.................................................17
Heat shock proteins..............................................................................18
Parameters influencing the heat inactivation of Listeria
monocytogenes in food substrates........................................................20
2.8.1 Effect of acidic conditions on heat inactivation of L.
monocytogenes...............................................................................20
2.8.2 Effect of salt conditions on heat inactivation of L.
monocytogenes...............................................................................22
2.8.3 Effect of water Activity (aw) on heat inactivation of L.
monocytogenes...............................................................................24
2.8.4 Effect of inorganic salts on heat inactivation of L.
monocytogenes...............................................................................26
2.8.5 Several other factors influencing the heat inactivation of L.
monocytogenes...............................................................................28
2.9
Cross resistance of Listeria monocytogenes related to heat.................30

III.

LOW, MEDIUM AND HIGH HEAT TOLERANT STRAINS OF
LISTERIA MONOCYTOGENES AND INCREASE IN THEIR HEATSTRESS RESISTANCE WHEN EXPOSED TO SUBLETHAL
HEAT...............................................................................................................33
iv

3.1
3.2

Introduction..........................................................................................33
Materials and Methods.........................................................................38
3.2.1 Bacterial strains and growth conditions.........................................38
3.2.2 Heat tolerance response of L. monocytogenes and other
Listeria spp. at 60°C ......................................................................39
3.2.3 Effect of sublethal heat-stress at 48°C on heat-stress
adaptation in L. monocytogenes strains .........................................39
3.2.4 Effect of sublethal heat-stress at 48°C on the lag phase of
L. monocytogenes strains ...............................................................40
3.2.5 Effect of cooling step on the stability of heat-stress
adaptation in L. monocytogenes strains .........................................41
3.2.6 Effect of sublethal heat-stress at 48°C on survival of L.
monocytogenes when exposed to lauric arginate or carvacol ........42
3.2.7 Effect of sublethal heat-stress at 48°C on survival of L.
monocytogenes when exposed to alkali-stress or hydrogen
peroxide..........................................................................................43
3.2.8 Statistical analysis..........................................................................44
3.3
Results..................................................................................................44
3.3.1 3.3.1: Diversity of heat tolerance response in L.
monocytogenes strains at 60°C ......................................................44
3.3.2 Ability of L. monocytogenes to survive at 60°C is
dependent on the sublethal heat-stress exposure time ...................45
3.3.3 Sublethal heat-stress at 48°C increased the lag phase in L.
monocytogenes cells.......................................................................47
3.3.4 Stability of heat-stress adaptation after cooling step. ....................48
3.3.5 Survival of heat-stress adapted cells of L. monocytogenes in
LAE or carvacol at room temperature or 4°C ................................50
3.3.6 Survival of heat-stress adapted cells of L. monocytogenes in
alkali-stress or hydrogen peroxide at room temperature................51
3.4
Discussion ............................................................................................52
3.5
Summary and conclusions ...................................................................72

REFERENCES ..................................................................................................................73

v

LIST OF TABLES
3.1

Diversity of heat tolerance in L. monocytogenes - low heat tolerant
strains exhibiting 0-2 log survival at 60°C/10 min treatment. .........................59

3.2

Diversity of heat tolerance in L. monocytogenes - medium heat tolerant
strains exhibiting 2-4 log survival at 60°C/10 min treatment. .........................61

3.3

Diversity of heat tolerance in L. monocytogenes - high heat tolerant
strains exhibiting 4-6 log survival at 60°C/10 min treatment. .........................62

3.4

Diversity of heat tolerance in other Listeria spp. – low heat tolerant
strains exhibiting 0-2 log survival and medium heat tolerant strain
exhibiting 2-4 log survival at 60°C/10 min treatment. ....................................62

3.5

D60°C values of three L. monocytogenes strains representing low
(Bug600), medium (NRRL B 33157) and high (F4260) heat tolerant
groups...............................................................................................................64

vi

LIST OF FIGURES
3.1

Effect of sublethal heat-stress at 48°C for 0 (□), 5 (■), 15 (▲), 30 (∆),
60 (○) and 90 (●) min on survival of three L. monocytogenes serotypes
at 60°C: ............................................................................................................63

3.2

Effect of sublethal heat-stress at 48°C for 0 (□), 5 (■), 15 (▲), 30 (∆),
60 (○) and 90 (●) min on the lag phase of three L. monocytogenes
serotypes at room temperature: ........................................................................65

3.3

Effect of sublethal heat-stress at 48°C for 60 min and followed by
cooling at room temperature for (■) 0 h, ( ) 1 h and ( ) 2 h on
survival at 60°C in three L. monocytogenes serotypes: ...................................66

3.4

Effect of sublethal heat-stress at 48°C for 60 min and followed by
cooling at 4°C for 0, 2, 6 and 24 h on survival at 60°C in three L.
monocytogenes serotypes: ................................................................................67

3.5

Effect of sublethal heat-stress at 48°C/30 min on survival in LAE
treatment at room temperature (35 ppm/30 min) or 4°C (41ppm/2h) in
three L. monocytogenes serotypes: ..................................................................68

3.6

Effect of sublethal heat-stress at 48°C/30 min on survival in carvacol
treatment at room temperature (428 ppm/30 min) or 4°C (535ppm/4h)
in three L. monocytogenes serotypes: ..............................................................69

3.7

Effect of sublethal heat-stress at 48°C for 30 min on survival in lethal
alkali-stress (pH 12.5) at room temperature in three L. monocytogenes
serotypes: .........................................................................................................70

3.8

Effect of sublethal heat-stress at 48°C for 30 min on survival in H2O2
(1600 ppm) at room temperature in three L. monocytogenes serotypes: .........71

vii

INTRODUCTION

In food processing, heating has always been a reliable technique to preserve the
food products and also extend the shelf life through destruction of pathogenic and
spoilage microbial flora. Apart from the conventional procedures in which high
temperatures are achieved by direct or indirect heating, newly developed techniques such
as, ionized irradiation, high hydrostatic pressure (HHP), microwaving and infrared
technologies are gaining more acceptance since they help to preserve the flavor and
texture of various foods. In such techniques radiation levels are passed through the food
products by which microbial inactivation is achieved by transfer of heat through
conduction and convection (Fellows, 2000). Failures in the ability of these
electromagnetic radiation to go through the entire depth of the food product still exist
(Datta, 2001, Krishnamurthy et al., 2008). For example, in household microwaving of
beef, the electromagnetic radiation reached 2.08 cm deep (Datta, 2001). Such unevenness
in the heating procedures may allow pathogens to be exposed to sublethal heating
conditions. Bacteria when adapted to such moderate stress conditions, express higher
tolerate to lethal stress conditions which is termed as adaptation effect (Lou and Yousef,
1997). New methodologies have been developed employing impinged air, flame, sear and
radiant infrared heat which use thermal heat for development of natural color in food
products. These techniques are now used in ready-to-eat food products (RTE) due to high
1

consumer demand for using natural browning agents. Such heating or browning
technologies can also create the conditions where pathogens are exposed to mild heating
temperatures. Therefore, understanding of how foodborne pathogens respond to sublethal
heat stress will contribute to the establishment of comprehensive safeguards during food
processing.
Another important aspect is the potential survival behavior of foodborne
pathogens at higher temperatures when food products are heated gradually. As heating
proceeds slowly it provides more time for the pathogens to get adjusted to the changing
environments and helps them to survive at much higher temperatures. For instance, in the
case of Listeria monocytogenes maximum thermo-tolerance was obtained at a rate of
heating lower than 0.7°C/min for the temperature range within 50-64°C (Stephens et al.,
2008). Also, circumstances such as accident exposures of pathogens towards lower heat
prior to lethal heating, or when a heating cycle is interrupted for a food product, or reheating step can contribute to pathogenic survival. CIP techniques also use high
temperatures or steam in the processing areas that will gradually cool down at different
rates. All these risk factors emphasize the need to understand heat-stress resistance and
survival behavior of heat-stress adapted cells in food processing circumstances.
Listeria monocytogenes is a ubiquitous foodborne pathogen that is capable of
surviving at diverse conditions including temperature ranges of 1-45°C, pH 3.5 – 12 and
salt concentration of 10% (George and Lund, 1992, Kallipolitis and Ingmer, 2006, Van
Der Veen et al., 2008) which makes them highly prevalent in food processing areas. L.
monocytogenes causes listeriosis which is a deadly disease with a high mortality rate of
affected population. Outbreaks related to L. monocytogenes are now frequent in
2

processed food products of both animal and plant origin. The 1985 California outbreak
from Mexican style soft cheese resulted in 48 deaths (Czajka and Batt, 1994,Linnan et al.,
1988). In 2011, the multi-state outbreak of L. monocytogenes from cantaloupe
contamination led to 33 deaths (Laksanalamai, 2012). Hence there is a zero-tolerance for
L. monocytogenes in RTE food products implemented by USDA and FDA (Chen et al.,
2003, Donnelly, 2001).
Some L. monocytogenes serotypes show ecological preferences in their
occurrence (Sauders et al., 2012). Thirteen different serotypes of L. monocytogenes are
known of which 1/2a and 1/2b are more frequently found in processing environments
when compared to 4b. However, strains of L. monocytogenes serotype 4b are more
pathogenic than the others (Saa et al., 2009, Ward et al., 2010). Several researchers have
also determined the adaptive response of L. monocytogenes towards stressed conditions
(Lianou et al., 2006, Doyle et al., 2001b). The extensive diversity in nature of L.
monocytogenes strains indicates that processing conditions cannot be standardized based
on a particular standard strain alone. Therefore, it is imperative to understand the
characteristics of strain differences in L. monocytogenes. Additionally, most of the
reports regarding heat-stress adaptation in L. monocytogenes have concentrated mainly
on the immediate post-adaptation effects irrespective of the serotype/strain variations.
Such studies may not reflect the realistic situations that L. monocytogenes cells encounter
in food processing areas.
In addressing the above limitations, this study focused on the following five
objectives: (1) Evaluate the heat tolerance responses of 37 L. monocytogenes strains
representing all 13 serotypes; (2) Evaluate the heat-stress adaptation in representative
3

strains of low, medium and high heat tolerant L. monocytogenes after sublethal heatstress at 48°C; (3) Evaluate the growth rate of representative strains of low, medium and
high heat tolerant L. monocytogenes strains after sublethal heat stress at 48°C for
different time periods; (4) Evaluate the stability of heat-stress adaptation in representative
strains of low, medium and high heat tolerant L. monocytogenes after sublethal heat stress
at 48°C followed by cooling to 22°C or 4°C before lethal heat-stress at 60°C; and (5)
Evaluate the survival of heat-stress adapted representative strains of low, medium and
high heat tolerant L. monocytogenes for some commercially available GRAS
antimicrobials and disinfectants.
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CHAPTER II
LITERATURE REVIEW

2.1

Introduction to Listeria monocytogenes
Listeria monocytogenes is a gram positive, facultative anaerobe, psychotropic,

non-spore forming, non-capsulated, intracellular bacteria capable of inducing uptake in
human phagocytic cells (Ramaswamy et al., 2007, Graves et al., 2010, Chavant et al.,
2002). The genus Listeria is presently classified into six species, namely Listeria
monocytogenes, Listeria innocua, Listeria ivanovii, Listeria seeligeri, Listeria welshimeri
and Listeria grayi (Graves et al., 2010, Sauders et al., 2012). The DNA-DNA
hybridization and rRNA sequencing techniques performed on various Listeria species
suggested that they are very similar to Bacillus and Staphylococcus species (Rocourt and
Buchrieser, 2007).
Based on the evolution of different serotypes of L. monocytogenes, they were
characterized as lineages І, П, Ш and IV. Lineage І was further sub grouped into two
groups. The first group included serotypes 1/2a and 3a and second included 1/2c and 3c.
Lineage П was subdivided in two categories; of which one group consisted of 4b, 4d, 4e
and other of 1/2b, 3b and 7 (Rocourt and Buchrieser, 2007). Lineage Ш was further
divided in one group consisting 4a and other of 4c serotype. The classification of lineages
and sub grouping was performed based on specific molecular marker genes specifically
associated with the lineages and serotypes (Rocourt and Buchrieser, 2007, Doumith et al.,
5

2004). Although, lineages І and П are much commonly observed in natural environments,
lineage Ш is not. Significantly, lineage П strains are the most prevalent ones occurring in
food processing areas; while lineage І strains are mostly related with human listeriosis
epidemic cases (Orsi et al., 2008, Ward et al., 2004). Ramaswamy et al concluded that
lineage І strains are mainly associated with epidemic clones, lineage П with sporadic
cases and lineage Ш contains none of the human isolates (Wiedmann et al., 1997,
Ramaswamy et al., 2007). Recently, a few new strains were recognized which are
categorized into lineage IV. The virulence potential and ecological preference of these
strains is still poorly explained (Orsi et al., 2008, Ward et al., 2010)
Among all Listeria species, only L. monocytogenes is the human pathogen and the
causative agent of a disease condition called Listeriosis, while L. ivanovii is an animal
pathogen (Ramaswamy et al., 2007, Guillet et al., 2010). Although very rarely, the
species L. ivanovii and L. seeligeri are also associated with diseases in humans (Jadhav et
al., 2012). L. monocytogenes mainly affects the high risk group of people including
elderly or immunocompromised people, pregnant women or infants (Jadhav et al., 2012,
Guillet et al., 2010). Listeriosis is often expressed in two forms, invasive or noninvasive. The non-invasive form is usually not fatal and often can lead to mild food
poisoning, referred as gastroenteritis, while the invasive form is fatal leading to
meningitis, septicemia, still birth, or abortions in pregnant women (Rebagliati et al.,
2009, Jadhav et al., 2012). In 2011, the food-net reported that 30% food borne disease
were caused due to L. monocytogenes from 1996-2005 with a fatality rate of 16.9 %
(Behravesh et al., 2011).

6

2.2

Background and Occurrence of Listeria monocytogenes
L. monocytogenes is a ubiquitous organism that can survive in diverse

environmental conditions like soil, vegetation, in treated and untreated sewage water.
This nature of the organism increases their probability of transmission through animals,
insects and other factors (Ramaswamy et al., 2007, Sauders et al., 2012). Due to this
omnipresent nature of the pathogen, the possibility of contamination of food processing
environments highly increases. Also, L. monocytogenes has the ability to survive at
varied temperatures up to 45°C, although the optimum growth temperature remains
between 30 - 37°C (Kallipolitis and Ingmer, 2006, Van Der Veen et al., 2008, Saa et al.,
2009). Unlike other food borne pathogenic bacteria like Salmonella and E. coli O157:H7,
L. monocytogenes possess cellular mechanisms that allow to grow at temperatures as low
as 1 - 8°C (Kallipolitis and Ingmer, 2006, Sauders et al., 2012, van der Veen et al., 2007,
Chavant et al., 2002, Walker et al., 1990, Soni et al., 2011). L. monocytogenes can also
grow in acidic conditions of pH 4.5 – 5.0 and survive at pH as low as 3.3 (Van Der Veen
et al., 2008). Alternatively, growth is also prevalent at higher alkaline pH 9.0 - 9.2 with a
tolerance level as high as pH 10.5 -12.0 (George and Lund, 1992). This ability of L.
monocytogenes allows their survival in varied environments and advances their better
tolerance to mild processing conditions in food industries as compared to the other
pathogens. Compared to other foodborne pathogens, L. monocytogenes shows a distinct
capacity to grow at salt concentration of 10% whereas Salmonella is inhibited within a
range of 3 - 4% salt concentration (Wiedmann et al., 1997, Montville and Matthews,
2008). L. monocytogenes also shows the potential of forming colonies on various abiotic
surfaces like stainless steel or polytetrafluroethylene which are usually used in the food
7

industries. This results in increased persistence in the food processing environment for a
longer duration. This strong attachment of bacterial cells or biofilms formation increases
their resistance towards commonly used disinfectants for cleaning and sanitation
procedures in food industries (Chavant et al., 2002, Orsi et al., 2008). These factors have
all resulted in a serious issue of frequent contamination of food products. Considering the
deadliness of listeriosis, a policy of ‘zero tolerance’ (absence of L. monocytogenes in 25 g
of food) in cooked and RTE foods has been implemented by the FDA/USDA to reduce
the incidences of L. monocytogenes food borne outbreaks (Chen et al., 2003, Shank et al.,
1996, Donnelly, 2001). Even though a zero tolerance policy is implemented in United
States, many other continents including the European nations like Germany and France
allow 100 CFU/g in foods at the point of consumption (Nørrung, 2000).
2.3

Outbreaks related to Listeria monocytogenes
Listeriosis caused by L. monocytogenes is infrequent but a serious invasive

disease with a high mortality rate. The public health importance of listeriosis is not often
recognized because of its occasional occurrence as compared to other foodborne diseases
like salmonellosis or botulism (Rossi et al., 2008). Due to the uncanny survivability of L.
monocytogenes during minimal processing and under refrigerated storage, majority of
listeriosis outbreaks has been linked to ready to eat foods and milk products (Sauders and
Wiedmann, 2007, Hoelzer et al., 2012). Recently, the occurrence of outbreaks in fresh
fruits and vegetables has also increased more due to improper handling procedures from
field to the consumption point which has in has prompted the survivability and growth
behavior of L. monocytogenes on fresh foods (Hoelzer et al., 2012).

8

L. monocytogenes is resistant to low acidic and high salt conditions and has the
ability to grow at refrigeration temperatures where most of foods are kept for storage.
Also, due to its ubiquitous nature in the environment it can easily contaminate the raw
food materials or cross contaminate other foods during food processing. L.
monocytogenes has been isolated from a variety of food products such as meat, milk, fish
and other sea food, majority of those sold as RTE products (Jemmi and Stephen, 2006,
Sauders and Wiedmann, 2007). On an average about ~2500 (5 cases per million) cases of
listeriosis are reported every year from various food products with relatively very high
95% hospitalization and 20% fatality rate (Gottlieb et al., 2006, Nelson et al., 2004, Chen
et al., 2003).
Several reports have proposed the ecological preferences associated with
different L. monocytogenes serotypes (Sauders et al., 2012). Compared to other
serotypes, L. monocytogenes serotypes 1/2a, 1/2b and 1/2c are more prevalently found in
food related environments. Nevertheless, serotype 4b strains are also frequently isolated
from food albeit at reduced level, and they are predominant isolates collected from
listeriosis outbreak (Nelson et al., 2004, Saa et al., 2009, Ward et al., 2010, Wang and
Lin, 2007). It appears that strains of serotype 4b posses unique virulence potential that
lead to frequent human infection even if they are not as predominantly isolated as
serotype 1/2a. In 2002, a multiple state outbreak in United States due to delicatessen
turkey; among the total of 54 persons affected, 26% were infected due to serovar 4b and
16% due to serovar 1/2a which indicates the higher virulence rate of serotype 4b
(Gottlieb et al., 2006). A review study from Denmark in 1994-2003 also mentioned about
the higher death incidences in patients infected with serotype 4b strains compared to
9

serotype 1/2a infections (Gerner-Smidt et al., 2005). Several others researchers have also
proposed that serotype 4b was more often isolated from patients suffering from
meningoenciphilitis than the patients affected via blood stream, thus indicates more
severe clinical representations and higher mortality rates within the affected patients in
comparison with the other serotypes (Ward et al., 2010, Olsen et al., 2005, Lynch et al.,
2006). The virulence molecular basis of serovar 4b is still unknown; but it was
recognized that the internalin proteins linked with the internalization of L. monocytogenes
cells into human host cells are expressed in full length in 4b strain in comparison to
strains of other serotypes (Swaminathan and Gerner-Smidt, 2007, Jacquet et al., 2004).
The potential of serotypes 4b in forming biofilms on abiotic surfaces with minimal
available nutrients within the processing environments is less than the serotypes 1/2a
which may relate with the higher probability of detecting serovar 1/2a in the processing
environments (Swaminathan and Gerner-Smidt, 2007). In contrast to the frequent
occurrence of 1/2a serotype than the serotype 4b in food samples and processing
environments, Pagada et al in 2012 have reported the frequency as 4b, 1/2b followed by
1/2a serotypes after analyzing several crab meat samples obtained from seven different
crabs processing plant during 2006 – 2007. Out of the total of 488 raw and 624 cooked
crab meat samples analyzed, about 19.5% and 10.8% were observed positive for presence
of pathogen L. monocytogenes (Pagadala et al., 2012).
A survey conducted in 2007 by National Animal Health monitoring system of
United States reported that dairy animals infected with Listeria spp. do not show any
clinical symptoms of infection. The raw milk samples examined from these animals were
7.1% positive for L. monocytogenes with the following proportion of serotypes 1/2a >
10

1/2b > 4b (Van Kessel et al., 2011). The presence of L. monocytogenes in raw milk can
serve as a persistence factor to circulate the pathogens into plant environments. Hence,
stringent regulatory mandates are necessary to reduce the risk of transferring the
pathogens in the food system. In the United States, one of the largest documented L.
monocytogenes outbreaks in California in 1985 due Mexican style soft cheese which
infected about 142 resulting in 48 deaths was due to the unpasteurized milk (Czajka and
Batt, 1994, Linnan et al., 1988). The detailed examination of the outbreak recommended
the presence L. monocytogenes serotypes 4b in the unpasteurized milk (Nightingale et al.,
2007). Lunden et al in 2004 reviewed a large number of Listeria outbreaks related to
dairy products throughout European countries in last 30 years span. Although use of
unpasteurized raw milk serves as one of the risk factor for L. monocytogenes
contamination, good manufacturing practices and precautionary measures while post
processing handling are most vital (Lundén et al., 2004). Since a significant number of L.
monocytogenes contaminated dairy products manufactured from pasteurized milk were
also obtained, European food safety programs are now more concerned about the L.
monocytogenes outbreaks from pasteurized milk than raw milk. Hence, additional
precautions must be taken by the immunocompromised population group people while
consuming dairy products (Lundén et al., 2004).
A wide range of ready-to-eat (RTE) food products were screened to analyze the
frequency of the presence of L. monocytogenes. Results revealed a contamination rate of
0.17% in soft cheese, 0.74% in bagged salads, 0.89% in luncheon meats and about 4.7%
in fish and other seafood products (Gombas et al., 2003). Endrikat Sarah et al in 2010,
performed a comparative study between retail sliced versus prepackaged deli meat and
11

concluded that the frequency of contamination was 4 times higher for the retail sliced
RTE meat than the prepackaged ones. The 2003 USDA FSIS assessment suggested that
raw frankfurters followed by deli meats had the highest incidence and association with L.
monocytogenes (USDA FSIS report 2003). The role of growth inhibitor compounds and
the hygienic handling of meat were observed to play a major role in protecting
prepackaged meat from L. monocytogenes contamination (Endrikat et al., 2010).
Formulation of deli meat with combinations of growth inhibitors such as lactate and
diacetate mitigated the risk of L. monocytogenes contamination by 2.5 to 7.8 fold times
in ham and turkey deli meat (Pradhan et al., 2009).
The incidences of listeriosis has declined over the past decade, most likely due to
the aggressive implementation of L. monocytogenes control policies in food industries
and introduction of HACCP principles in food production. From the predominance of
serotype 4b in causing fatal human infections, a shift has been observed to serotypes 1/2a
and 1/2b causing fatal human infections over the last few years (Swaminathan and
Gerner-Smidt, 2007). Recent multiple state outbreak in United States in September 2011
from cantaloupes contamination was caused due to L. monocytogenes serotype 1/2a and
1/2b strains (Laksanalamai, 2012). It was validated that compared to natural cantaloupe
surfaces, L. monocytogenes showed better attachment to 70% ethanol treated cantaloupe
surfaces. These attached L. monocytogenes cells can easily transfer to the inner surface
during cutting or other processing steps and eventually provide L. monocytogenes with
favorable conditions to multiply (Ukuku and Fett, 2002).
Continuous improvement in L. monocytogenes prevention policies and
understanding the mechanisms of contamination can help reduce the presence of L.
12

monocytogenes in foods. Also, the awareness of the control of L. monocytogenes among
high risk group people would help reduce the mortality rate due to listeriosis.
2.4

Pathogenesis of Listeria monocytogenes
The major source of epidemic and sporadic L. monocytogenes outbreaks is

through contaminated food ingestion. The gastrointestinal tract is thought to be the major
site of entry of L. monocytogenes into the host system (Farber and Peterkin, 1991, Pinner
et al., 1992). Listeriosis cases are commonly observed with the individuals having some
pathological defects that in turn affect T cell mediated immunity (McLauchlin,
1990).This indicates that host risk factors play a major role in causing infection. Usually
listeriosis cases are observed to be associated with malignancies, chronic liver disease,
kidney disease or diabetes mellitus (Rocourt, 1996, Schuchat et al., 1991). The typical
development of listeriosis in human beings are as follows: 1) oral entry through a
contaminated food source; 2) colonization of the intestine; 3) the intestinal translocation;
4) replication in the liver and spleen; 5) depending upon the T cell mediated immunity of
the host the disease spreads to other organs (Salamina et al., 1996, Orndorff et al., 2006,
Vázquez-Boland et al., 2001). L. monocytogenes shows a highly sophisticated and
developed way to invade the host cells and manage their survival in the intracellular
conditions. In the last few years, various genes and proteins have been identified that are
responsible for the virulence of L. monocytogenes (Low and Donachie, 1997).
Entry into the mammalian cells is mediated by atleast two bacterial invasion
proteins internalin (InlA) and InlB (Cossart, 2001, Cabanes et al., 2002). The expression
of gene encoding 80 kDa molecular mass protein internalin is regulated by the factor prfA
(Gaillard et al 1991). The internalin locus InlAB was identified to be first invasion
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protein ever described in gram positive bacterium which is implied for internalization of
cells that are not usually phagocytic such as the epithelial, endothelial and hepatocytes
(Vázquez-Boland et al., 2001).
It is important to the virulence ability of L. monocytogenes to escape intracellular
killing within the macrophages of host cells. This process is carried out by lysis of the
phagosomal membranes, and escape into the cytoplasm, which is mediated by
Listeriolysin O (LLO) (Low and Donachie, 1997). LLO is highly active at the acidic
environment (pH 5.5) of phagosomes, yet relatively inactive at the neutral pH in the
cytosol (Glomski et al., 2002, Geoffroy et al., 1987). The lyses of the phagolysosome
releases the bacteria into the host cell cytoplasm which helps them translocate between
human cells (Portnoy et al., 2002, Sword, 1966, Cossart and Bierne, 2001). LLO is not
only required for the escape of L. monocytogenes from the primary internalization of
double membrane of vacuole but also necessary for infection and primary phagosomes
uptake (Cossart and Lecuit, 1998, Gedde et al., 2000). Listeriolysin O (LLO) is the name
given to the hemolysin of L. monocytogenes which belongs to the family of cholesterol
dependent cytolysins (CDCs) pore forming toxins that are secreted by a large number of
gram positive pathogenic bacteria (Geoffroy et al., 1987). Jenkins et al (1964) compared
between listeriolysin O with streptolysin O and suggested the similar functionality of
hemolysin and streptolysin O from Streptococcus pyogenes (Jenkins et al., 1964). It has
also been reported that infection capacity of hemolysin mutant L. monocytogenes strains
was significantly diminished compared to wild type in mice model study (Hof, 1984,
Gaillard et al., 1987). This signifies the requirement of hemolysin for the virulence of L.
monocytogenes. Hemolysin was also observed to be required for survival and
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proliferation of L. monocytogenes within macrophages (Kuhn et al., 1988, Portnoy et al.,
1988). The majority of the virulent genes of L. monocytogenes responsible for its
pathogenecity are located around a 9 kb hemolysin gene (hly) and form a cluster (Low
and Donachie, 1997).
After the L. monocytogenes pass the cytoplasmic membrane of the host cells to
reach cytosol, its intracellular movement requires the expression of surface protein actA
which induces polymerization on the bacterial surface (Cossart and Lecuit, 1998,
Cabanes et al., 2002). The operon which encodes the actA gene also encodes two other
proteins associated with the virulence of L. monocytogenes, one of which is 29 kDa
molecular mass zinc dependent phospholipase with lecithinase activity (Geoffroy et al.,
1987). The actin surface protein are short filaments with molecular mass 67 kDa which
rearrange to form a long tail at one end around itself during the growth cycle of L.
monocytogenes which is then used for propulsion within the host cytoplasm and cell to
cell spread (Tilney and Portnoy, 1989). It was validated that actA mutant L.
monocytogenes were reduced in virulence as it hindered their motility in the intracellular
environment (Tilney and Portnoy, 1989, Low and Donachie, 1997).
Additionally, the escape of bacterial cells from the vacuoles is also coordinated by
two bacterial phospholipases, a phosphatidylinositol phospholipase-C (PI-PLC) and a
broad range phosphatidylcholine (PC) PLC involved in the escape from primary and
secondary vacuoles (Cabanes et al., 2002). P60 is another major type of surface protein in
L. monocytogenes with 60kDa which is involved in the invasion of host. It was
demonstrated that L. monocytogenes lacking P60 was unable to enter the host cells
(Gaillard et al., 1987, Kuhn and Goebel, 1989, Vázquez-Boland et al., 2001). Recently, it
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has been shown that P60 is directly involved in binding to the intestinal Caco2 cells (Park
et al., 2000). Bacterial lipoproteins are pro inflammatory molecules which can initiate the
adaptive responses in mammalian cells. They are capable of activating many types of
immune cells including monocytes, neutrophils, macrophages and B cells (Aliprantis et
al., 1999). Glaser P et al in 2001 observed that in L. monocytogenes the large number of
surface lipoproteins is over represented than any other gram positive pathogen including
M. tuberculosis (Glaser et al., 2001). In L. monocytogenes about 2.5% of the total genes
were identified for encoding putative lipoproteins (Cabanes et al., 2002).
Generally speaking, the pathogenic L. monocytogenes go through an intracellular
life cycle after invading the host cells which involves its early escape from the phagocytic
vacuoles, rapid intracytoplasmic multiplication and bacterially induced actin-based
motility (Vázquez-Boland et al., 2001, Low and Donachie, 1997). However, the ability of
L. monocytogenes to multiply intracellular and spread cell to cell without leaving the
protective environment of the host cells, may be the central reason due to which the
antibiotic therapy against listeriosis is not effective (Nightingale et al., 2004, Orndorff et
al., 2006).
2.5

Introduction to microbial stress and stress response
In food processing a microbial stress response can be in the context of any

physical stress (heat, pressure or irradiation), chemical stress (acids, salts or oxidative) or
any biological stresses including metabolites produced by other bacteria, competition or
microbial antagonism. (Abee and Wouters, 1999, Yousef and Juneja, 2002). Also, Yusuf
and Courtney have defined microbial stress as any deleterious physical, chemical or
biological factor that adversely affects microbial growth or survival (Yousef and
16

Courtney, 2003). Physiological responses like change in the membrane fluidity, alteration
of the protein structures, increase or decrease the intracellular pH conditions are
observed in microorganisms during stressful conditions (Schimel et al., 2007, Yousef and
Juneja, 2002). To protect and survive in the harsh environmental conditions, microbes
may show a variety of evolutionary and physiological adaptation mechanisms. Begley et
al in 2002 have defined the phenomena of cross protection in which microbial adaptation
to one stress can lead to a higher tolerance and survival to other lethal stresses (Begley et
al., 2002b). For example, the sublethally heated bacteria in milk during manufacturing of
some special cheese products show an adaptive response against the lethal acidic or
thermal processing conditions. We can thus hypothesize that certain food processing
conditions can cause stress adaptation which can affect the safety of numerous food
products.
2.6

Heat stress in Listeria monocytogenes
Heating is one of the most ancient technologies used for preservation of various

foods. Since microbial inactivation using high temperature is easily attainable, studies
related to the survival of microorganisms in heat stress perspective is important. Several
observations have shown that the heat inactivation of microorganisms related to foods is
highly dependent on the presence of proteins, fats, carbohydrates and other compounds
that are added to the foods (Farber and Brown, 1990, Khelef et al., 2006, Mackey et al.,
2008). Also studies have shown that factors like age, growth conditions and nature of
pathogenic microbes are important during inactivation of microorganisms using high
temperatures. Therefore, identification of proper methods for microbial inactivation using
heat is necessary to understand for a variety of food types.
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Increase in the surrounding temperature may result in various physical and
chemical changes in the bacterial membranes and protein structures. In response to these
changes usually above 45°C, a large set of highly conserved molecular chaperones called
Heat shock proteins (Hsps) are induced in L. monocytogenes (Soni et al., 2011).
2.7

Heat shock proteins
Previous research has been conducted to understand the relationship between

temperature and heat shock induced proteins. The heat stressed proteins mainly function
in repairing and destroying the cellular damaged components and proteins which may
interrupt normal cellular process (Yousef and Juneja, 2002, Rosen and Ron, 2003). Heat
shock proteins are highly conserved and the control mechanism is highly variable
depending on the organism and the temperature (Rosen and Ron, 2003).
The most important cellular chaperones machinery is GroE and DnaK which are
controlled by ATP dependent proteases. Both GroE and DnaK are multimeric complexes
which catalyze the protein folding and refolding and degradation of abnormal proteins
during stressed and non stressed conditions (Rosen and Ron, 2003, Soni et al., 2011,
Kandror et al., 1994). Both GroE and DnaK contribute as the major Hsps molecular
chaperones in L. monocytogenes for its survival in hostile conditions (Hanawa et al.,
2000, Gahan et al., 2001). In gram positive organisms, the molecular chaperones GroE
and DnaK are classified in class І, which are negatively regulated by HrcA binding
protein to the CIRCE (control inverted repeat of chaperone expression) operator (van der
Veen et al., 2007, Hu et al., 2007a). This control of chaperone expression by HrcACIRCE regulatory system is highly conserved and one of the early regulatory system
recognized in bacterial system (Hecker and Völker, 2002, Rosen and Ron, 2003).
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The class П system includes proteins related to general stress response whose
expression is positively controlled by alternative sigma factor (σB). The σB dependent
response related to general stress is highly conserved in related gram positive bacteria,
but is missing in strictly anaerobic or some of the facultative anaerobic bacteria (Hecker
et al., 2007). In L. monocytogenes the σB stress response functions mainly by protecting
cells from general stress conditions (Hecker et al., 2007, O'Byrne and Karatzas, 2008).
The genes controlled by the σB regulator are not only induced by heat but also other
stressors such as acid, ethanol, osmotic pressure and salinity (Rosen and Ron, 2003,
O'Byrne and Karatzas, 2008, Utratna et al., 2011, Ringus et al., 2012). Starvation of cells
to glucose, oxygen or phosphate results in the drop of ATP level which in turn also
triggers the induction of σB (Maul et al., 1995). Recently, it was also determined that
protein syntheses in L. monocytogenes during antibiotic (rifampin) stress are also
controlled by σB regulation (Zhou et al., 2012).
Class III Hsps group includes proteases (mainly encoded by clpP, clpE, clpB and
clpC) whose expression is governed by repressor protein CtsR (Hu et al., 2007b, Soni et
al., 2011). In L. monocytogenes, CtsR deleted mutants showed increased survival in
stressed conditions but the virulence potential was not affected which indicates the
importance of CtsR in the virulence and intracellular survival of Listeria (Nair et al.,
2002). The protein CtsR negatively controls the regulation of the three protease system
which includes genes clpP, clpE and clpC (Nair et al., 2002, Derré et al., 2002). This
protease system also is associated with the degradation of the damaged proteins.
The stress response system included in class IV are those whose expression is
independent of HrcA, σB and CtsR and their regulatory mechanism is not known (Hu et
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al., 2007b, Nair et al., 2002). In L. monocytogenes HrcA and CtsR negatively regulates
the class I and class III stress response genes, while σB positively regulates the class II
stress response genes (Hu et al., 2007a). Phenotypic experiments have suggested that
mutation in CtsR results in over expression of Hsps which resulted in increased survival
for L. monocytogenes at 72°C (Hu et al., 2007b). Deletion of HrcA and σB has
significantly affected the thermal tolerance of L. monocytogenes. (Hu et al., 2007b, Nair
et al., 2002, Rosen and Ron, 2003). The heat stress response in L. monocytogenes is
coordinated with several positive and negative regulatory mechanisms.
2.8
2.8.1

Parameters influencing the heat inactivation of Listeria monocytogenes in food
substrates
Effect of acidic conditions on heat inactivation of L. monocytogenes
Bacterial inactivation rate during heating of food substrate can supposedly be

manipulated due to various components of foods (Doyle et al., 2001a). Acidulants like
lactic acid, acetic acid and propionic acids are commonly used as preservation factors in
many food products. Foods of low pH value, including some fermented and meat
products may require lower heating time and temperature to achieve the desired microbial
inactivation as compared to non-acidic foods. This has been validated by many
researchers by performing laboratory experiments by comparing mild heating treatments
in the presence and absence of acidic conditions to inactivate food borne pathogens.
These relational findings of synergistic action of acid and heat inactivation were
supported by cole et al, 1993 since the effect of decreasing the pH of the heating medium
in decreasing the heat resistance of L. monocytogenes was evident. Also, the synergistic
action of pH and temperature is not linear relationship and is specific for particular pH
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and temperature combination. (Cole et al., 1993). In 2007, Hassani et al studied survival
of L. monocytogenes at 58 and 60°C after sublethal heating between 35 – 45°C at pH of
4, 5.5 and 7.4 using laboratory broth conditions. The survival curves obtained for lethal
heating of 58 and 60°C suggested that the maximum thermal resistance of L.
monocytogenes was evident for pH 7.4 followed by 5.5 and 4. This suggested that the
heat adaptation of L. monocytogenes was better at neutral pH than the acidic pH 5
(Hassani et al., 2007).
Heating at higher temperatures can affect the sensory properties of food products.
From above illustrations; based on broth model it appears that acid can facilitate in
reducing the heating time and temperature to obtain the bacterial kill. To observe such
phenomenon in food substrate, inactivation rates at 65°C (D65°C) of E. coli O157:H7 and
L. monocytogenes on green beans were studied in the presence of citric, malic, and
phosphoric and acetic acid adjusted to various pH concentrations. Combined heat
treatment with any of above listed acids reduced the inactivation time of these pathogens.
Amongst different acids, the synergistic effect of heat and acetic acid was most
pronounced. For example, E. coli O157:H7control cells had a D65°C value of 0.19 min
while acetic acid heating condition (pH 4.2) had a D65°C value of 0.083 min. Also, for L.
monocytogenes the controls had cell had D65°C value of 0.60 min while for acetic acid
(pH 3.8) it was 0.069 min (Khurana et al., 2006). Microbial inactivation using high
temperature steam is also commonly used for fruit and vegetable processing. Application
of steam to a food matrix containing 2% lactic acid demonstrated a synergistic action
and reductions of L. monocytogenes, E. coli O157:H7 and Salmonella were 3.99, 3.78,
3.75 log compared to 1.92, 1.75, 2.12 log with steam alone (Ban et al., 2012). Application
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of 1.5% acidic residues to lettuce leaves preheated at 40°C for 15 min were able to
achieve final concentration of 2.84, 2.36 and 3.77 log of Salmonella, E. coli O157:H7 and
L. monocytogenes, compared to 7.19, 7.12 and 6.95 log for the non-acid treated lettuce
leaves (Lin et al., 2002). Exploitation of such synergism between heat and acid may
facilitate application costs and help maintaining better flavors of foods.
In the above illustrations we observed that the inactivation rate of pathogenic
bacteria like L. monocytogenes, Salmonella and E coli O157:H7 was increased when
heated in acidic conditions with synergistic action of lethal temperatures. Another area of
research includes what happens if the bacteria are mild acid adapted and then gets
subjected to heating treatment. Acid adapted (pH 5.0) L. monocytogenes, E coli O157:H7
and Salmonella cells when heated in various fruit juices like orange, apple and grapes
adjusted to pH 3.9, the (D60°C) values showed that acid adapted cells were much resistant
than the non acid adapted cells (Mazzotta, 2001a). Similar observations were documented
by Antonio J. DE Jesus in 2003, when the L. monocytogenes cells were allowed to grow
in 1% glucose for acid adaptation. Those cells were more resistant to lethal 60°C
inactivation than the ones grown without glucose (De Jesus and Whiting, 2003). Hence, if
heat and acid based synergistic action is to be exploited, care should be taken that
processing condition does not indivertibly induce mild acid adaptation in bacterial cells.
2.8.2

Effect of salt conditions on heat inactivation of L. monocytogenes
The ability to tolerate salt stress is of particular importance, as L. monocytogenes

is often exposed to such environments during food processing and preservation. Also, L.
monocytogenes has to survive the bile salts in human body which is essential for its
virulence (Begley et al., 2002a). A general kinetic model was developed by Linton RH
22

suggesting an increase in the thermal resistance of L. monocytogenes in presence of
varied salt concentrations from 0 to 4% using experimental conditions in broth model
system (Linton et al., 1996). Another study performed in a broth model to study the
pattern of thermal resistance of L. monocytogenes in the presence of 1.6M NaCl within
the temperature range of 56 to 62°C also confirmed a better survival in presence of salt
(Cole et al., 1993). L. monocytogenes not only has a better resistance to high temperatures
in the presence of salt in the heating medium, but also the cells grown in 1.5 M salt
concentrations have a better thermal tolerance than the cells grown without salt
(Anderson et al., 1991). Additionally, the recovery of heat stressed L. monocytogenes was
better in media containing 0.5% of NaCl (Chawla et al., 1996). It can be said that heat
and salt stress are correlated and a symbiotic relationship can be associated. In 2001,
Ferreira et al determined that in L. monocytogenes, σB is atleast partially responsible for
the heat stress at 50°C (Ferreira et al., 2001). The role of σB as a global stress regulator,
and its role specifically in salt stress in L. monocytogenes has been studied by many
researchers (Rosen and Ron, 2003, Nair et al., 2002, O'Byrne and Karatzas, 2008,
Ferreira et al., 2001). At phenotypic level, mutant strain lacking σB had lower MIC
reading of 2.6% compared to parental strain with 3.5% of bile salt. Also, the growth rates
of L. monocytogenes were significantly lower for the σB mutant strains (OD600 = 0.15 v/s
0.30 at 6h) with the presence of salt in the medium (Zhang et al., 2011).
The effect of salt concentrations on thermal inactivation is studied widely due to
widespread use of salt in common food products. Salt increases the solute content and
may also reduce the water activity of the heating medium which makes it difficult to kill
the bacteria. However, in practical application, along with salt, several other factors such
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as pH, product composition may also influence the fate of foodborne pathogens in heat
inactivation treatments. Beef slurry under the increasing salt concentration from 0 to 6%
showed a protective mechanism towards L. monocytogenes against heating conditions of
55 to 65°C. However, the protective effect of salt was prevented when the pH of the beef
slurry was reduced by addition of lactic acid and in fact lowering of pH decreased the
thermal inactivation time when compared to the control samples. For example, D60°C in
the presence no salt and pH 6 was 2.82 min. But, D60°C with 3% salt at pH 6 was 4.99
min. Further at constant 3% salt and reduced pH of beef slurry, D60°C at pH 5 was 4.39
min and pH 4 was 1.91 min (Juneja and Eblen, 1999). Likewise, the effect of lowering
the pH in the presence of salt was also evident in cabbage juice (LR Beuchat et al).
Declining the pH of the clarified cabbage juice from 5.6 to 4.0 in the presence of salt of 2
to 5% NaCl achieved a faster kill of L. monocytogenes at 58°C (Beuchat et al., 1986).
2.8.3

Effect of water Activity (aw) on heat inactivation of L. monocytogenes
The relationship of heat inactivation and water activity of the heating medium is

one of the crucial factors that may affect the pathogenic reduction. This relationship is
dependent on the temperature and presence of other compounds like salts and sugars
which affect the final water activity of the medium. It is also dependent on the nature of
organism as Staphylococcus aureus can survive with a very low water activity (0.83)
compared to L. monocytogenes (0.92) and Salmonella (0.94) (Miller et al., 1997).
In 2007, Fernandez et al performed a broth study using tryptic soy broth with
0.6% yeast extract to understand the relationship between water activity and heating
temperature by adjusting the water activity using sucrose solutions. The relationship
between water activity and L. monocytogenes inactivation were nonlinear at tested
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temperature of 60°C. For example, the time required to attain an approximate 4 log
reductions in L. monocytogenes counts at aW of 0.90, 0.93, 0.96 and 0.99 were 10 min, 20
min, 3 min and 1 min respectively. It was interesting to observe that highest heat
resistance was observed at aW of 0.93 and not at 0.9. Such observation indicates that aW
variation caused by any change in target food substrate composition could have
significant impact of bacterial inactivation rate (Fernandez et al., 2007). In another
example with S. Typhimurium, 54 combinations between temperature (55 to 80°C) and
aW (0.65 to 0.9) were used as a variables to determine the inactivation kinetics of S.
Typhimurium. When temperature was ≥70°C, normal anticipated pattern was observed in
which cells subjected to low water activity were more heat tolerant than those subjected
to high water activity. However, when inactivation temperature was < 65°C, the higher
heat resistance was observed with cells present in high water activity. The mechanism
behind this observation is not clear but the compounds (glucose, fructose, NaCl, sucrose)
used for reducing water activity did not appear to influence the relationship between
inactivation temperature and aW (Mattick et al., 2001). Similarly, for E coli O157:H7
heated at 55°C for 5 min, the relationship between heat resistance and aw was not linear,
when the maximum resistance was observed between aw (adjusted using sucrose) of 0.96
and 0.97 and further reduction in aw up to 0.92 reduced the mean survivors of E coli
O157: H7 from 4.7 log to 3.4 log. Also, increase in aw from 0.97 to 0.99 reduced the
mean survivors from 4.7 log to 3.1 log (Kaur et al., 1998). Thus, it appears that the
relationships between aW, pathogenic microorganism and inactivation temperature is
quite complex and should be given close consideration while designing inactivation
treatment for any food substrate
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2.8.4

Effect of inorganic salts on heat inactivation of L. monocytogenes
Sodium lactate (SL) is a commonly added GRAS antimicrobial compound in

many meat products for preservation. Also, various laboratory experiments have been
conducted to analyze the potential of either increasing or decreasing the heat inactivation
due to chemical added compounds on various food products.
The effect of various concentrations of SL was studied on the thermal inactivation
of L. monocytogenes at 56.3°C on meat product bologna prepared from beef and pork
trims. The D56.3°C value of L. monocytogenes was increased from 33.96 to 47.82 min with
the increasing concentration of sodium lactate from 0 to 4.8% as compared to the control
samples with no SL. (Grosulescu et al., 2011). Other researchers have also suggested that
4.8% of sodium lactate on beef bologna increased the heat resistance of L.
monocytogenes (Juneja, 2003, Maks et al., 2010). The addition of sodium lactate reduces
the water activity and increase the pH of the meat samples; this may be the reason of
increasing the thermal resistance of L. monocytogenes (Bedie et al., 2001, Schultze et al.,
2006). A contradictory result of decreasing the heat resistance of L. monocytogenes due
to presence of sodium lactate in meat samples has also been reported. The D55°C values
for L. monocytogenes heated in minced beef with addition of 4.8% SL is 2.17 min and
without SL is 2.94 min (McMahon et al., 1999). Another group suggested that presence
of 3% sodium lactate in ground beef samples heated at 62.8°C did not show any
difference in the thermal destruction rate of L. monocytogenes as compared to the control
samples (Yen et al., 1992). The effect of sodium lactate in heat inactivation against
different bacterial species is also tested. The presence of Listeria on the chicken thigh
meat showed a large amount of variation towards heat inactivation with or without
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sodium lactate. Controls had a D60°C value of 2.04 while the SL treatment increased it up
to 7.28 min. On the other hand for the same experimental conditions the Salmonella
control samples showed a higher D60°C value of 5.72 min than the treated ones at 4.76
min (Murphy et al., 2004). A comparative study between L. monocytogenes and Yersinia
enterocolitica for heat inactivation at 55° in minced beef was performed. As the SL
concentration increased from 0 – 4.8% D55°C values for L. monocytogenes was reduced
from 2.94 to 2.17 min and for Yersinia enterolitica from 2.0 to 0.96 min (McMahon et
al., 1999).
In practical application, a combination of various salts is added to most of the
RTE meat products for preservation. However, studies regarding the thermal inactivation
of pathogens in meat products with the combination of various salts are very limited.
Juneja et al in 2003 analyzed the effect of combinations of SL and sodium diacetate
(SDA) on lean ground beef heated at 60°C. When no additional salts were added, the
D60°C value for L. monocytogenes was 5.78 min, whereas with 0.25% SDA D60°C
increased up to 6.90 min. Combination of 2.4% SL+ 0.25% SDA and 4.8%SL + 0.25%
SDA resulted in increase in D60°C values to 10.38 and 17.19 min (Juneja, 2003).
Similarly, a thermal inactivation study for L. monocytogenes with a combination of SL
and SDA was performed on frankfurter slurry (Schultze et al., 2006). In contradiction to
results obtained on lean ground beef by Juneja et al (2003), the D60°C value at 60°C with
no salts added was 2.2 min while combination of 4.8% SL and 0.25% SDA resulted in
decline of D60°C value to 1.7 min (Schultze et al., 2006).
These inconsistencies in results in the above mentioned articles might be due to
difference in tested strains, microbial species, substrate composition or concentration of
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SL and SDA. However, Grosulescu et al., (2011) also suggested that sodium lactate at
optimum concentration in meat samples can act as a buffering agent against the heating
treatments but at higher concentrations can decrease the heat resistance in L.
monocytogenes (Grosulescu et al., 2011).
2.8.5

Several other factors influencing the heat inactivation of L. monocytogenes
Many other commonly added compounds including spices, essential oils or some

salts can affect the inactivation process of the bacterial population during the heating
treatments of foods. Presence of sugars like trehalose in laboratory media tryptic soy
broth with a concentration of 1% has shown to increase the thermal tolerance of L.
monocytogenes at 52°C as compared to the media broth without trehalose (Ells and
Truelstrup Hansen, 2011). On the contrary, the presence of sub lethal concentrations of
carvacrol (30mg/l), 2-hexenal (65mg/l), citral (50mg/l) decreased the heat tolerance of L.
monocytogenes. For example at 60°C, the time required to achieve a 5 log reduction in
presence of those compounds was 3.37, 2.98 and 3.31 min while the controls required
10.9 min (Kamdem et al., 2011). Also, the presence lauric arginate in apple juice has
shown to decrease the temperature required for the thermal inactivation of Salmonella, E.
coli O157:H7 and L. monocytogenes using pulsed electric heating (Saldana et al., 2011).
It suggests the importance of LAE in maintaining the sensory properties of apple juice
due to exposure to lower pasteurization temperature. When pork bologna samples were
pasteurized at 62.5°C, the presence of combination of antibacterial compounds nisin and
lysozyme reduced the inactivation time by 23% for L. monocytogenes. But a similar
combination did not show any difference when the pasteurization temperature was
reduced to 60°C (Mangalassary et al., 2007).
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Several other factors at the consumer level such as the rate of reheating, growth
conditions, defrosting practices and strains also affected the temperature inactivation of
pathogens in various food products. The effect of defrosting practices at 5°C for 15 h and
25°C for 12 h was studied using L. monocytogenes and Salmonella cells inoculated in
ground beef samples and keeping them frozen (-27°C) for 3 days. No growth of bacterial
cells occurred during 5°C defrosting while cells increased marginally by 0.5 log in 25°C
defrosting. Heat inactivation treatment (57°C/20 min) of these different defrosted
samples showed a higher survival of L. monocytogenes by 2 log in 25°C defrosted
samples when compared to 5°C defrosted samples. For Salmonella, no significant
difference was seen between cells exposed to various defrosting practices (Lianou and
Koutsoumanis, 2009). Various heat inactivation kinetics models are been designed for
different foods to predict the importance of heating rate at achieving inactivation of
various pathogens. In 2008, Stephens et al demonstrated that the rate of heating ≤ 0.7°C
/min was ideal to achieve maximum thermal tolerance between the temperatures of 50 to
64°C using tryptic soy broth. Also at 60°C, if the rate ≥ 5.0 °C/min, there was no induced
increased thermo tolerance and the maximum thermo tolerance was obtained with the
rates ≤ 0.7°C /min (Stephens et al., 2008). The effect of growth conditions of L.
monocytogenes, E coli O157:H7and Salmonella in the presence of 1 % glucose and
without glucose were determined to study the thermal inactivation in cantaloupe and
watermelon juices. Increased thermo tolerance was observed for Salmonella and E. coli
O157:H7 cells grown in presence of glucose, but L. monocytogenes did not show any
difference (Sharma et al., 2005). The effect of glucose can help in acid adaptation (De
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Jesus and Whiting, 2003) which can be co-related with the enhanced thermo tolerance of
Salmonella and E. coli O157:H7 under the specified conditions (Mazzotta, 2001b).
2.9

Cross resistance of Listeria monocytogenes related to heat
L. monocytogenes cells heat treated at sublethal temperatures may show

increasing or decreasing survival towards their further stresses to various compounds like
acid, alkaline disinfectants or some other antimicrobials commonly used in food
processing. This can become a potential threat and enhance the survival chances of the
pathogen in the processing areas. Exposure of heat treated cells at 48°C for 10 min on
subsequent exposure towards 0.128 ppm of chlorine dioxide at room temperature showed
increased survival when compared to non-heated cells (Lin et al., 2012). After 20 min of
exposure to chlorine dioxide the heat adapted viable population showed the survival of
about 7 log (nearly similar to initial number), but the non-heated cells were reduced by
nearly 3 logs CFU/ml. Lou and Yousef while working on a variety of cross resistances
parameters in L. monocytogenes, have also demonstrated that heat-stress adapted cells at
45°C for 1h showed a better survival when subjected to post-exposure treatment of 0.1%
H2O2 and 17.5% ethanol. The survival of the non-heat adapted cells after exposure to
0.1% H2O2 were less than 2 log after 3 h, when the sublethal heat treated L.
monocytogenes cells were still 6 log. Also, in the case of post exposure to 17.5% ethanol,
the non-heated cells were below 1 log in 6 h while the heat-stress adapted cells still
survived about 6.5 log (Lou and Yousef, 1997). Similar observation of extending the
survival time of heat-stress adapted L. monocytogenes cells (48°C for 10 min) against
1.384 ppm of QAC was also reported (Lin et al., 2012). In contrast to the finding of Lin
et al (2012), Moorman et al (2005) demonstrated that L. innocua (surrogate of L.
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monocytogenes ) heated at 45°C for a 1 h of period have decreased resistance towards 10
ppm of cetrimide, a component of quaternary ammonium compounds (QAC). The heatstress adapted cells were reduced by about 3.2 log as compared to the control cells, which
were reduced by 1.7 log after cetrimide exposure for 1.5 min (Moorman et al., 2005) .
Similar to differential survival effect on various cross resistance mechanism of
heat-stress adapted L. monocytogenes cells, studies have also been performed to look at
how exposure to other stress stimuli’s affect the heat resistance. Mild acid-stress adapted
(exposure to mild acidic conditions) L. monocytogenes cells at pH 5.5 for 2 h, has shown
to increase the thermal tolerance at 52°C when compared to non-acid adapted cells
(Phan-Thanh et al., 2000). Likewise, acid-stress adapted L. monocytogenes cells using
HCl for 1, 2 and 4 h were studied for their survivability at 58°C in whole milk. Acidstress adapted L. monocytogenes cells for 1 h showed an increased survival at 58°C when
compared to nonacid adapted cells, while increase in acid-stress adaptation time for 2 and
4 h decreased the thermal resistance of L. monocytogenes at 58°C compared to non-acid
adapted cells (Farber and Pagotto, 2008). It is possible that short-term mild acid preexposure may aid cellular protection by inducing stress protective genes while long term
exposure to mild acid stimuli’s might be damaging to cellular components. Acid-stress
adapted Salmonella at pH 5.8 for a period of two multiplications were also better resistant
to lethal temperature tolerance at 50°C. After 60 mins of exposure at 50°C, the non-acid
adapted cells were negligible while the acid adapted Salmonella cells survival was still 2
log (Leyer and Johnson, 1993). But, sometimes opposite observations have also been
reported where acid-stress adapted cells were more sensitive towards lethal temperatures.
Bayles et al reported that about acid-stress adapted L. monocytogenes cells at pH 4.8 were
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more sensitive towards 60°C than the non acid adapted cells using tryptic soy broth,
where the D60°C values were 1.16 min for the controls and 0.65 min for the acid-stress
adapted cells (Bayles, 2004). Most of the studies that evaluated acid adaptation used pH
of 5 to 5.5 (Davis et al., 1996), while relatively low pH of 4.8 tested by Bayles et al.
(2004) might have damaging effect to cells.
Cross resistance against heat is also observed in alkaline-stress adapted L.
monocytogenes cells. Alkali-stress adapted cells at pH 12 for about 45 min were more
heat resistant with D59°C of 10.10 min in contrast to D59°C value of 1.97 min of the cells
incubated at pH 7.3 (Taormina and Beuchat, 2001). This is an important observation as
alkaline reagents are commonly used in food processing areas during cleaning and
sanitation. Lou and Yousef studied the thermo tolerance of pre-adapted cells to various
conditions such as starvation (1 – 163 h), ethanol (0.5 – 12%) and H2O2 (27- 500 ppm).
D56°C for the control cells were 1.0 min and the sub lethal adapted cells demonstrated a
D56°C values of 13.6, 4.1 and 2.9 min after starvation, ethanol and H2O2 exposures,
respectively (Lou and Yousef, 1996). Taormina et al also studied the effect of preexposure to various chlorine concentrations of 2.0, 2.4 and 6 mg/l for 5 min before
subjecting L. monocytogenes to lethal temperature of 56°C. The D56°C values for controls
were 4.15 min which was comparatively lower than D56°C values of 4.96, 5.74 and 7.12
min for the three chlorine conditions. However, exposure of L. monocytogenes cells to
chlorine with lethal concentrations of 6 mg/l for more than 5 min sensitized the cells
towards heat.
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CHAPTER III
LOW, MEDIUM AND HIGH HEAT TOLERANT STRAINS OF LISTERIA
MONOCYTOGENES AND INCREASE IN THEIR HEAT-STRESS
RESISTANCE WHEN EXPOSED TO SUBLETHAL HEAT

3.1

Introduction
Listeria monocytogenes is a ubiquitous, gram positive and psychotropic

foodborne pathogen with high mortality rate of 20-30% among the infected people
(Graves et al., 2010, Wang and Lin, 2007). Thirteen different serotypes of L.
monocytogenes are known of which 1/2a and 1/2b are more frequently found in
processing environments compared to 4b. Furthermore, it appears that strains of serotype
4b are more virulent as epidemiological analysis frequently relates its presence in
listeriosis outbreak cases while serotype 1/2a is typically confined to processing
environments but not frequently isolated from clinical cases (Saa et al., 2009, Ward et al.,
2010). This pathogen can multiply under refrigerated conditions unlike other foodborne
pathogens such as Salmonella and E. coli O157:H7 (Chavant et al., 2002, Kallipolitis and
Ingmer, 2006, Sauders et al., 2012). Therefore, it is a concern in ready-to-eat (RTE) food
products since any post-processing contamination of L. monocytogenes that occurs at the
plant level will multiply during cold storage and potentially increase to a level that can
cause listeriosis. Due to this, United States has a zero-tolerance policy for L.
monocytogenes in RTE food products (Donnelly, 2001, Chen et al., 2003).
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Risk associated with microbial stress adaptation is a timely area of research with
direct practical implications. Stress is defined as any physical, chemical or biological
condition which adversely affects the bacterial growth and survival (Yousef and
Courtney, 2003). Commonly, under optimum conditions, sublethal exposure to any stress
for 15 to 60 min is adequate to induce cellular changes that enable foodborne pathogens
to resist lethal inactivation treatments. For example, L. monocytogenes subjected to
sublethal heating at 48°C for 60 min show higher thermal tolerance at 60°C when
compared to non-sublethal heated cells (Agoston, 2010). Similarly, induced tolerance to
acid, alkali (Taormina and Beuchat, 2001, Davis et al., 1996) and oxidative (Mraheil et
al., 2011) lethal inactivation treatments following sublethal homogenous stresses are also
known in L. monocytogenes and in other model microorganisms such as E. coli O157:H7
and Salmonella (Foster, 1995). Cross protection, where sublethal exposure to one stress
confers resistance against other heterogeneous inactivation treatments was also evident.
For instance, heat stressed L. monocytogenes cells at 45°C for 60 min had higher
resistance to ethanol and osmotic stress conditions (Lou and Yousef, 1997). In another
study, heat or salt stressed L. monocytogenes cells did not confer resistance to acid
inactivation treatments (Koutsoumanis et al., 2003). This suggests that the stress
tolerance mechanism in L. monocytogenes is highly complex and depends on stress
parameters and conditions.
Understanding the phenomenon of heat-stress adaptation is critical as heating is
the most widely used safeguarding measure in food processing. The increased thermal
resistance following a sublethal heating treatment was initially proven in broth a model
study and subsequent studies also confirmed this phenomenon in food matrices (Agoston,
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2010, Farber and Brown, 1990, Pagán et al., 1997, Mackey et al., 2008). Simultaneously,
efforts are also directed to understand the molecular mechanisms that confer L.
monocytogenes cells with heat-stress adaptation capacity. At elevated temperatures
(>45°C), L. monocytogenes produce an unique set of proteins defined as heat-shock
proteins (Hsps) to protect the cells against heat activated cellular damage (Rosen and
Ron, 2003, Soni et al., 2011). One early study using SDS-PAGE identified 15 such HSPs
of which GroES and DnaK that engaged in protein folding and degradation were most
significant (Sokolovic et al., 1990). Furthermore, molecular profiling confirmed four
classes of Hsps in L. monocytogenes. Of these, Class I and class III proteins are
negatively regulated by HrcA (Van Der Veen et al., 2008) and CtsR (Derré et al., 2002,
Nair et al., 2002) repressor while Class II proteins are positively regulated by the σB
(Hecker et al., 2007, O'Byrne and Karatzas, 2008) general stress factor. Class IV proteins
include Hsps with a general stress response function (Nair et al., 2002). Phenotypic
experiments have suggested that a mutation in CtsR results in over expression of Hsps
which lead to increased survival for L. monocytogenes at 72°C (Hu et al., 2007b).
Deletion of HrcA and σB has significantly affected the thermal tolerance of L.
monocytogenes. (Hu et al., 2007b, Nair et al., 2002, Rosen and Ron, 2003). Therefore,
heat-stress response in L. monocytogenes is co-ordinated with several positive and
negative regulatory mechanisms.
An intriguing factor in understanding L. monocytogenes heat-stress adaptation is
the genetic diversity associated with various strains of differing serotypes. Lunden et al
(2008) evaluated 40 strains of L. monocytogenes that were recovered from various meat
processing facilities and identified nearly 3 log survival variation among these strains
35

when heated at 55°C/40 min. However, it was not clear if there was any strain/serotype
based relationship with respect to varying thermal tolerance since those 40 strains tested
were not genotyped. Also, work by Lianou et al (2006) with 25 strains isolated from food
or clinical outbreaks suggested that serotype 4b strains typically have lower thermal
resistance though this study also did not comprehensively include all known 13 serotypes
of L. monocytogenes.
The ability of L. monocytogenes cells to augment resistance to lethal heating after
exposure to sublethal heating is limited. Hassani et al (2007) studied various sublethal
heating times at varying pH and their influence on increased themotolerance.
Interestingly, at pH 7.4 only 15 min at 45°C was sufficient to increase D62°C from 0.2 to
0.87 min. Increase in sublethal heating time to 1 h also proportionally increased the D62°C
to 2.4 min. However, time required at pH 5.5 for sublethal heating to have appreciable
influence on increased thermal tolerance was 30 min. Nevertheless, this work emphasized
that even as little as 15 min of sublethal heating may be sufficient to activate protective
mechanisms that can have significant practical consequences in processing environments.
Somolinos et al (2010) reported that sublethally injured L. monocytogenes following
60°C for 40 s were able to resuscitate in about 6 h and repair of heat damage required
energy production and lipid, protein, and RNA synthesis.
In food processing conditions, there are several scenarios where heat-stress
adaptation may be important. Products such as cold smoked salmon are needed to be
processed in at 40-50°C to maintain desirable product attributes. There are several other
meat products where recommended internal cooking temperature is ~71°C. However,
meat products such as steaks, roasts chops and fresh pork are heated to 62.7°C with 3 min
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holding time. Some of these meat product matrices can have substantial differences in
penetration of heat. For instance a large meat product such as intact ham can create an
adequate window for sublethal heat to allow for heat-stress adaptation of L.
monocytogenes. Moreover, in some cases, the rate of heat transfer is a crucial factor with
respect to lethal heat inactivation of L. monocytogenes (Stephens et al., 2008). Also,
newer non-thermal techniques such as irradiation and ionization in which heat transfer
occurs mainly by conduction or convection can facilitate the exposure to sublethal
temperatures (Fellows, 2000, Datta, 2001, Krishnamurthy et al., 2008). In fluid milk,
which is processed by high temperature short time pasteurization, the temperature is
rapidly increased to 71°C and then decreased to 4°C which may not induce heat-stress
adaptation. However, for a small scale processor that relies on batch pasteurization at
63°C/30 min, it may allow an adequate window for potential heat-stress adaptation of L.
monocytogenes during slow and gradual heating steps.
While summarizing the literature of L. monocytogenes and heat stress relevance,
several aspects are not clear. The 13 serotypes of L. monocytogenes have not been
evaluated for differences in thermal tolerance. Studies related to the effect of inherent
variation in thermal tolerance within L. monocytogenes strains against potential heatstress adaptation at varied sublethal heat-stress conditions have not been published. The
effects of sublethal injury as a measure of increase in lag phase of different strains with
varying heat tolerance have not been examined. Stability (i.e. cellular imprint/memory) of
heat-stress adaptation is very important since heat-stress adapted cells may not
immediately encounter homologues (i.e. heat) or heterogeneous (i.e. acid, antimicrobial,
HHP) lethal inactivation treatments. Most of the studies examined this cross protection
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phenomenon by immediately subjecting sublethally heat treated cells to other inactivation
treatments, which may not be the best risk case scenario from the industry perspective.
To address these needs, our study focused on the following objectives: (1) Evaluate the
heat tolerance responses of 37 L. monocytogenes strains representing all known 13
serotypes; (2) Evaluate the heat-stress adaptation in representative strains of low, medium
and high heat tolerant L. monocytogenes after sublethal heat-stress at 48°C; (3) Evaluate
the growth rate of representative strains of low, medium and high heat tolerant L.
monocytogenes after sublethal heat stress at 48°C for different time periods; (4) Evaluate
the stability of heat-stress adaptation in representative strains of low, medium and high
heat tolerant L. monocytogenes after sublethal heat stress at 48°C followed by cooling to
22°C or 4°C before lethal heat-stress at 60°C; and (5) Evaluate the survival of heat-stress
adapted representative strains of low, medium and high heat tolerant L. monocytogenes
treated by selected GRAS antimicrobials and disinfectants.
3.2
3.2.1

Materials and Methods
Bacterial strains and growth conditions
Forty-four Listeria isolates collected from different sources were used in this

study. The details regarding the strain name, serotypes and isolation source are mentioned
in Table 3.1, 3.2, 3.3, 3.4 and 3.5. Among those 44 strains, 37 strains were L.
monocytogenes while the remaining 7 strains belonged to other Listeria species. Working
stock cultures of these strains were maintained at 4°C in tryptic soy slants supplemented
with 0.6% yeast extract. Ten ml of TSB-YE broth were inoculated with one loop of L.
monocytogenes stock cultures using sterile disposable loops and were incubated
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overnight in a shaker (C24 Classic series incubator shaker, New Brunswick Scientific,
Inc., Edison, NJ, USA) at 37oC to obtain stationary phase cultures.
3.2.2

Heat tolerance response of L. monocytogenes and other Listeria spp. at 60°C
The strains of L. monocytogenes or other Listeria spp. were grown overnight at

37°C and thermally challenged at 60°C for 10 min. The optical density (OD) of the
overnight culture for all the strains were between OD630 nm of 1.0-1.2 with approximately
9 log CFU/ml cell densities. These stationary phase overnight cultures were initially
diluted to 108 log CFU/ml in TSB-YE broth and 100 μl aliquots from these samples were
transferred to eppendorf tubes that were placed in a digital thermal block (Accublock
Digital dry bath, Labnet International, N.C) containing 900 μl of TSB-YE broth preheated to 60°C. The surviving cells were enumerated on tryptic soy agar plates
supplemented with 0.1% of esculin and 0.05% of ferric ammonium citrate (TSA-EF).
Plates were incubated at 37°C for 36 - 48 h prior to colony counting.
3.2.3

Effect of sublethal heat-stress at 48°C on heat-stress adaptation in L.
monocytogenes strains
In this assay, cells of three representative L. monocytogenes strains [Bug600

(EGDe), NRRL B-33157 and F4260; Table 3.1, 3.2 and 3.3] were exposed to a sublethal temperature of 48°C for 0, 5, 15, 30, 60 and 90 min to evaluate its subsequent
effect on the ability of L. monocytogenes to withstand lethal post exposure treatment at
60°C. The pre-exposure heating (48°C) was performed by adding 1 ml of stationary
phase culture to 9 ml of TSB-YE broth that was preheated for 15 min at 48°C. The
water bath shaker (Reciprocal water bath shaker, model R76, New Brunswick
Scientific, Inc., Edison, NJ, USA) was used to heat these 10 ml L. monocytogenes
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suspensions at 48°C in 15 ml tubes which were immersed in water to just below
the lid. Additional precautions were taken in terms of adding inoculum directly into the
pre-heated broth and use of serological pipettes to mix the samples so that cell inoculum
did not adhere to non heated part of the inner tube walls or caps. After pre-exposure at
48°C, the tubes were votexed for 30 s and post-exposure was done at 60°C by
transferring 100 µl of 48°C pre-exposed samples to 900 µl of preheated (60°C for
15 mins) TSB-YE broth in eppendorf tubes at 60°C in a digital heating block.
Multiple eppendorf tubes were prepared for each sample and individual eppendorf tubes
were used for L. monocytogenes enumeration for intermediate sampling during the 50
min post exposure heat treatment process. Following the treatment at 60°C, all the
samples were enumerated on TSA-EF plates and incubated at 37°C for 24 - 36 h to
observe the countable colonies.
3.2.4

Effect of sublethal heat-stress at 48°C on the lag phase of L. monocytogenes
strains
This experiment was conducted to determine the lag time of three selected strains

(Bug600, NRRL B-33157 and F4260) of L. monocytogenes, after pre-exposure at 48°C.
In this assay, L. monocytogenes cells were pre-exposed to a mild heat treatment of 48oC
for 0, 5, 15, 30, 60 and 90 min following the same protocol listed above. After preexposure, 2 ml of each sample were distributed in a 24-well microtiter plate in duplicates.
The plate was placed on a shaker at room temperature (22°C) and optical density (OD) at
630nm was measured at hourly intervals for 12 h using a microtiter plate reader (ELX 800
NB Universal

microplate reader, Biotek Instruments, Inc.,).
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3.2.5

Effect of cooling step on the stability of heat-stress adaptation in L.
monocytogenes strains
In the previous experiments, the heat-stress adaptation effect of L. monocytogenes

was determined by pre-exposure to sublethal heat treatment at 48°C and immediately
post-exposed to a lethal temperature of 60°C. Here, we define stability of heat-stress
adaptation as the ability of L. monocytogenes cells to maintain the heat-stress adaptation
effect up to a definite interval of time after their removal from the sublethal heat-stress
environment. L. monocytogenes cell suspensions were exposed to 48°C for 60 min in 10
ml as described above. After sublethal heat treatment, samples from each strain were
placed at room temperature for 0, 1 and 2 h. Thereafter, 100 µl samples were taken and
mixed with 900 µl of preheated TSB-YE to undergo a lethal heat treatment of 60°C. The
duration of 60°C for Bug600 (EGDe), NRRL B-33157 and F4260 strains were 10, 15 and
20 min, respectively. Additionally, for comparative purposes, the non-heated control
samples from each strain were also subjected to direct challenge at 60°C. After
completion of 60°C lethal exposure, the survival of L. monocytogenes was enumerated on
TSA-EF plates.
Heat-stress adaptation stability at 4°C was determined after 0, 2, 6 and 24 h of
refrigerated incubation after sublethal heat-stressed (48°C for 60 min) and control (no
sublethal heat-stress) samples followed by their post-exposure at 60°C. The protocol was
similar to the procedure described above for determining the stability at room
temperature with the major difference being the duration of incubation time (up to 2 h at
room temperature vs. 24 h at 4°C) and control samples were analyzed at each time point
during 4°C incubation. Analysis of control samples simultaneously with heat-stress
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adapted cells at each time point was not possible for the room temperature experiment
due to active growth of L. monocytogenes cells at this temperature.
3.2.6

Effect of sublethal heat-stress at 48°C on survival of L. monocytogenes when
exposed to lauric arginate or carvacol
Heat-stress adapted L. monocytogenes cells of three strains Bug600 (EGDe),

NRRL B-33157 and F4260 were tested for their survival in lauric arginate (LAE) and in
carvacol at room temperature (22°C) and 4°C. The concentrations of LAE and carvacol
were initially standardized for non-heated (control) cells of three strains of L.
monocytogenes to yield a survival of 1-2 log CFU/ml from the initial 7 log CFU/ml. The
LAE solution obtained from Vedeqsa (Vedeqsa inc., New York, NY 10001) was
approved by FDA at 200 ppm in food products (USFDA, 2005). The original solution
(10%) of LAE was diluted by adding 100µl to 900µl in saline (0.85%) solution to obtain
a 1% LAE solution. For 33 and 41 ppm LAE solutions, 35 and 41µl of the prepared 1%
solution was added to 9 ml TSB-YE broth respectively. Nine hundred µl of these LAE
solutions were distributed in 1.5 ml eppendorf tubes for post-exposure treatments and
stored at either room temperature (22°C) or 4°C depending upon the treatment
temperatures. Carvacrol solution was purchased from Sigma Aldrich (St. Louis, Mo.,
U.S.A.). The carvacrol solution was solubilized by diluting (1:1) in propylene glycol
(PG) and then 1% of the carvacrol solution was prepared by adding 200µl of solubilized
carvacrol in 10 ml TSB-YE broth. Then 428 and 535 ppm of carvacrol solutions were
prepared by adding 428 and 535 µl from 1% carvacrol TSB-YE broth into 8.6 and 8.5 ml
of fresh TSB-YE broth solutions to obtain a final volume of 9 ml. Similar to LAE
solutions, 900 µl of these carvacrol solutions were also distributed in 1.5 ml of eppendorf
42

tubes and allowed to be at room temperature or 4°C prior to the post-exposure treatments.
Cells of L. monocytogenes strains Bug600 (EGDe), NRRL B-33157 and F4260 with or
without sublethal heating for 30 min at 48°C were inoculated into LAE or carvacrol
solutions. After incubation at 22°C or 4°C, serial dilutions of the cell suspensions were
plated out for determination of L. monocytogenes CFU counts. The post-exposure times
of LAE and carvacol were for 30 min each at room temperature or for up to 2 and 4 h,
respectively, at 4°C.
3.2.7

Effect of sublethal heat-stress at 48°C on survival of L. monocytogenes when
exposed to alkali-stress or hydrogen peroxide
Heat-stress adapted L. monocytogenes cells of three strains Bug600 (EGDe),

NRRL B-33157 and F4260 were tested for their survival in alkali-stress (pH 12.5) and
H2O2 (1600 ppm). The concentrations of alkali and H2O2 were initially standardized for
the control (non-heated) cells to compare the difference with the heat-stressed cells after
post-exposure to alkali-stress or H2O2. The 4 M stock solution of NaOH was initially
prepared from the original sodium hydroxide white pellets (Fischer Bioreagents, New
jersey USA). To obtain a pH of 12.5, 485 µl of this stock solution was added in 9 ml of
TSB-YE broth. The stock solution (5%) of H2O2 was prepared fresh for all assays, by
adding 1.428 ml from the original (35%) hydrogen peroxide bottle (Acros organics, New
jersey USA) in 10 ml of saline solution (0.85%). Then 320 µl of this stock solution was
added to 9 ml of TSB-YE broth to obtain 1600 ppm of H2O2 solution. Heat-stress adapted
and non-heated (control) cells of three strains of L. monocytogenes were then separately
treated with these solutions and their survival was determined by intermittent sampling.
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3.2.8

Statistical analysis
Three replicates were conducted for all experiments in a completely randomized

design structure. Data shown here are mean average (± SE) of three individual trials.
ANOVA test with Tukey’s Honest Significant Difference test (P < 0.05) was performed
to determine significant mean separation (SPSS version 12.0, Chicago, Ill). Statistical
analysis of LAE and carvacol data were analyzed using T-test of Microsoft office excel
(2007).
3.3
3.3.1

Results
3.3.1: Diversity of heat tolerance response in L. monocytogenes strains at
60°C
Based on the survival at 60°C for 10 min heat treatment, a set of 37 L.

monocytogenes strains representing all 13 serotypes were classified into three subgroups
of low, medium and high heat tolerant strains. The low heat tolerant strains were
categorized as strains with survival in the range of 0 to 2 log CFU/ml at 60°C for 10 min.
Out of the total 37 strains of L. monocytogenes analyzed, 25 strains belonged to this
subgroup (Tables 3.1 and 3.2). The medium heat tolerant strains were categorized as
strains with survival in the range of 2-4 log CFU/ml at 60°C for 10 min. This subgroup
contained nine strains of L. monocytogenes (Table 3.3). The high heat tolerant strains
were categorized as strains with survival in the range of 4-5 log CFU/ml at 60°C for 10
min. This last subgroup included the most resistant strains to heat treatment of 60°C; 3
strains among 37 strains of L. monocytogenes belonged to this group with each exhibiting
more than 4 log CFU/ml survival at 60°C for 10 min (Table 3.4). Among the seven
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strains of other Listeria spp analyzed, six had less than 1 log CFU/ml whereas one strain
LM89 had 3.6 log CFU/ml (Table 3.5).
Strains of L. monocytogenes representing serotype 1/2a exhibited relatively lower
heat tolerance with nearly 90% of tested 1/2a strains were classified into the low heat
tolerant group. Within the 8 strains of serotype 1/2a examined, survivals varied from non
detectable to 2.3 log CFU/ml. Extensive variability was observed in heat tolerance at
60°C within strains of 1/2b and 4b. Of the three 1/2b serotypes tested, one was nondetectable and other had as high as 5.4 log CFU/ml after the 60°C treatment. Among the
16 strains of serotype 4b, survival varied between non-detectable to 4 log CFU/ml.
3.3.2

Ability of L. monocytogenes to survive at 60°C is dependent on the sublethal
heat-stress exposure time
Heat-stress adaptation, defined as the increased resistance to lethal temperature

when pre-exposed to sublethal heat-stress, was found to be dependent on the sublethal
heat-stress exposure time. Three strains of L. monocytogenes Bug600 (EGDe), NRRL B33157 and F4260 were selected; one from each of low, medium and high tolerant strain
groups. Overall, L. monocytogenes stationary phase cells that were pre-heated at 48°C for
5, 15, 30, 60 and 90 min showed a higher heat tolerance at 60°C compared to the control
cells that did not receive any pre-heat treatment. Statistical analysis was performed and
the D60°C values (defined as the time required for achieving 90% reductions in L.
monocytogenes population) were calculated for survival curves obtained (Figure 3.1) and
these D60°C values are presented in Table 3.6.
For the cells of strain Bug600 (Fig. 3.1A), counts in control samples declined
from the initial 7 log CFU/ml to nearly 1 log CFU/ml within 10 min of heating at 60°C
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resulting in D60°C value of 1.9

0.2 min. L. monocytogenes cells pre-heated at 48°C for 5

min showed approximately 3 log CFU/ml survival after 10 min of lethal heat treatment,
though the calculated D60°C value of 2.1

0.0 was not significantly different when

compared to the control treatment (P<0.05). The heat-stress adaptation was more evident
in 15, 30, 60 and 90 min 48°C pre-heated cells as their survival was between 4.5 to 5.5
log CFU/ml after 60°C for 10 min. The D60°C values calculated for cells underwent
sublethal heat-stress at 48°C for 15, 30, 60 and 90 min were 3.1
0.5 and 2.9

0.2, 4.0

0.5, 5.0

0.1, respectively. According to the survival curves (Figure 3.1) and the

D60°C value calculations (Table 3.6), it was apparent that pre-exposure at 48°C for 60 min
was the most effective at highest heat-stress adaptation effect at 60°C.
The control (non-heated) cells of strain NRRL B-33157 (medium heat tolerant)
went below the detection limit after 20 min of heating at 60°C (Fig 3.1B) with a D60°C
value of 2.8

0.0. Those cells that were heat-stressed at 48°C for 5 min survived about 2

log CFU/ml (D60°C value 4.2

0.0) higher after 20 min heating at 60°C suggesting a

heat-stress adaptation effect. The effect of heat-stress adaptation for the cells heatstressed at 48°C for 15, 30, 60 and 90 min was much better as L. monocytogenes
survivals were 4.2 – 4.7 log CFU/ml higher after 20 min of lethal heat exposure. As the
lethal exposure time at 60°C was increased further to 30 min, the 15 min and 90 min
48°C pre-heated cells were non-detectable, whereas the 48°C pre-heated cells for 30 min
and 60 min still showed survival of 2.5 log CFU/ml. Pre-heating of cells at 48°C for 15
min and 90 min showed a similar lethal tolerance effect with D60°C values of 4.3
and 5.0

0.3

0.4. The maximum tolerance to 60°C was achieved when the samples were
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heat-stressed at 48°C for 30 min and 60 min with D60°C values of 5.4

0.1 and 5.7

0.2

min, respectively.
The adaptation effect for high tolerant group strain F4260 followed a similar
pattern as that of the low and medium heat tolerant strains (Fig 3.1C). The heat
adaptation effect was evident from the calculated D60°C values for all the pre-heated
samples and the controls (non-preheated). The non-heated samples exhibited a D60°C
value of 4.3

0.0 min, whereas the pre-heated cells at 48°C for 5, 15, 30, 60 and 90 min

yielded D60°C values of 5.7

0.5, 8.0

0.7, 10.4

0.5, 9.8

0.2 and 8.1

0.4 min,

respectively. Control cells declined to non-detectable levels after 30 min whereas cells
exposed to 48°C for 30 and 60 min survived even after 50 min of heating at 60°C. To
summarize the adaptation results, the effect of mild heating on increased survival to lethal
heating was evident in all three strains representing different inherent thermal tolerance.
The common findings within these three strains were that either 30 or 60 min pre-heating
at mild 48°C was the best time for inducing the heat adaptation effect. As the pre-heating
time at 48°C was increased to 90 min, a reduced heat-stress adaptation was observed as
these cells showed lower tolerance to lethal heat stress.
3.3.3

Sublethal heat-stress at 48°C increased the lag phase in L. monocytogenes
cells
Exposure of L. monocytogenes to mild heat 48°C interrupted the active growth

cycle and resulted in an increase in lag time. For Bug600 (EGDe) cells, based on OD630nm
measurement, control cells initiated growth after 1 h and the growth plateau was reached
within 10 h (Fig 3.2A). Likewise, cells that were preheated at 48°C for 5, 15 or 30 min
also resumed growth after 1 h and reached the growth plateau within 10 h. On the
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contrary, sublethal heat treatment at 48°C for 60 min and 90 min extended the lag phase
of L. monocytogenes cells where cells did not initiate growth until 5 h.
Strain NRRL B-33157 had an inherently longer lag phase since the stationary
phase control cells did not initiate growth until 3 h (Fig 3.2B). The pre-heat treatment at
48°C for 5 and 15 min led to a lag phase of 4 h after which growth was resumed. Samples
mild heated at 48°C for 30, 60 and 90 min had lag phases of 6 to 7 h after which growth
was slowly initiated.
The control and pre-heated cells at 48°C for 5 min of strain F4260 showed a
similar behavior for which the growth was resumed after 2 h. When the cells were
sublethally heated at 48°C for 15 and 30 min, the lag phase was extended up to 3 h. As
for the other two strains, the 60 and 90 min pre-heating at 48°C resulted in the highest lag
phase at approximately 5 h (Fig 3.2C).
3.3.4

Stability of heat-stress adaptation after cooling step.
Three strains of L. monocytogenes were pre-heated at 48°C for 60 min and then

cooled to either room temperature (22°C) or refrigeration temperature (4°C) for definite
time periods before prior to exposure at 60°C post-exposure, to determine the stability of
sublethal heat induced heat-stress adaptation. The stability of heat-stress adaptation at
room temperature was measured after 0, 1 and 2 h incubation period, whereas at 4°C it
was measured after 0, 2, 6 and 24 h incubation. Time of post-exposure treatment at 60°C
for strains Bug600 (low heat tolerant), NRRL B-33157 (medium heat tolerant) and F4260
(high heat tolerant) were 10, 15 and 20 min, respectively. Differences were noted in
terms of retaining heat-stress adaptation response at 22°C (Figure 3.3) and 4°C (Figure
3.4). At 22°C a gradual decrease in heat-stress resistance of L. monocytogenes cells was
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observed as the duration of time between sublethal heat-stress exposure and lethal heat
inactivation treatment increased. In contrast, heat-stress adapted cells when cooled to 4°C
maintained heat-stress resistance for up to 24 h between sublethal and lethal heat
exposure.
In evaluating the stability of heat-stress resistance for different strains at 22°C, the
heat-stress adapted Bug600 cells decreased by approximately 1 log CFU/ml and 2 log
CFU/ml after 1 h or 2 h incubation at room temperature, respectively (Fig. 3.3A).
However, with this low tolerant Bug600 strain, heat-stress adaptation effect was not
completely lost as they still had about 2 log CFU/ml higher counts than control samples
which did not receive any pre-heat treatment. The medium heat tolerant strain NRRL B33157 exhibited relatively weaker heat stability. Survival was 5.3 log CFU/ml in heatstress adapted cells when there was no time lag between sublethal and lethal heating and
then reduced to 4.2 and 2.8 log CFU/ml, after 1 h or 2 h of room temperature incubation
prior to lethal heat inactivation (Fig 3.3B). The decrease of heat-stress adaptation effect
in high heat tolerant strain F4260 was analogous to the medium heat tolerant strain
NRRL B-33157. At the end of 2 h incubation at room temperature, the heat-stress
adaptation was completely lost as the survival reduced from 5.2 to 2.8 log CFU/ml which
was behaved similar to the control cells (Fig 3.3C).
At 4°C, stability of heat-stress adaptation was very stable. For all three L.
monocytogenes strains, no decline in heat tolerance for heat-stress adapted cells was
observed with up to 24 h at refrigerated storage. Recoveries of heat-stress adapted L.
monocytogenes cells were identical at 2, 4 and 24 h for all three strains. Difference
between control and heat-stress adapted cells was approximately 2 log CFU/ml for the
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low heat tolerant Bug600 strain (Fig 3.4A), ~4 log CFU/ml for medium tolerant NRRL B
33157 strain (Fig 3.4B) and 1 to 1.5 log CFU/ml for high heat tolerant F4260 during 2, 4
and 24 h sampling time points (Fig 3.4C).
3.3.5

Survival of heat-stress adapted cells of L. monocytogenes in LAE or carvacol
at room temperature or 4°C
The survival of sublethal heat-stressed (48°C for 30 min) and non-heated control

cells of three strains of L. monocytogenes were different at 33 ppm of LAE concentration.
The non-heated control cells of L. monocytogenes strain Bug600 (EGDe), NRRL B
33157 and F4260 were reduced to 1.8, 2 and 1.1 log CFU/ml from the initial 7 log
CFU/ml in 30 min in 33 ppm of LAE exposure at room temperature (Figure 3.5). Under
the same conditions, sublethal heat-stressed cells of above three strains of L.
monocytogenes exhibited a better survival, respectively, 2.8, 3.3 and 2.7 log CFU/ml than
the control cells. The non-heated control and sublethal heat-stressed cells of L.
monocytogenes strains Bug600 (EGDe) and NRRL B 33157 were significantly different
(P< 0.05) but strain F4260 did not show any significant difference within the treated and
control samples. The sublethal heat-stressed and non-heated control cells of all three
strains of L. monocytogenes did not show any significant difference at 4°C with 44 ppm
LAE dose in this assay (P< 0.05).
For all three strains of L. monocytogenes, the survival differences between
sublethal heat-stressed and non-heated controls cells were more evident in carvacrol than
in LAE (Figure 3.6). The low heat tolerant strain Bug600 (EGDe) exhibited increased
survival by 2 log CFU/ml in sublethal heat-stressed cells compared to control at room
temperature when exposed to 428 ppm of carvacol. Similarly under the same conditions,
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sublethal heat-stressed cells of medium (NRRL B 33157) and high heat tolerant (F4260)
strains were increased by 3.5 and 2.5 log CFU/ml (P<0.05), respectively, when compared
to the control. Similar to room temperature, the survival of L. monocytogenes at
refrigeration temperature with 535 ppm also identified a significant difference between
sublethal heat-stressed and non-heated control cells (P< 0.05). A survival of all three
strains of L. monocytogenes, Bug600, NRRL B33157, and F4260, were increased by ~
4.5, 3.8, 3 log CFU/ml, respectively, when exposed to 535 ppm at 4°C for the sublethal
heat-stressed cells when compared to control cells.
3.3.6

Survival of heat-stress adapted cells of L. monocytogenes in alkali-stress or
hydrogen peroxide at room temperature
The sublethal heat-stressed (48°C for 30 min) cells of Bug600 (EGDe) and NRRL

B-33157 showed higher survival at the end of 40 min in alkali-stress conditions (Fig 3.7A
and 3.7B). Under these conditions, the sublethal heat-stressed cells survived by about 1.5
and 3 log CFU/ml more at the end of 40 min when the control cells were almost nondetectable. On the contrary, the high heat tolerant strain F4260 did not show any
difference in survival between sublethal heat-stressed and non-heated control cells. Thus,
the sublethal heating at 48°C had no significant effect on its survival in alkali-stress
conditions.
The cross resistance survival pattern of heat-stress adapted cells in hydrogen
peroxide was reversed as compared to alkali-stress condition (Figure 3.8). The sublethal
heat-stressed cells were more sensitive to hydrogen peroxide when compared to the nonheated control cells. Overall, the low heat tolerant strain Bug600 (EGDe) was more
susceptible towards hydrogen peroxide in relation to the other two strains. The medium
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and high heat tolerant strains NRRL B-33157 and F4260 showed more variability
between the sublethal heat-stressed and non-heated control cells continuously up to 60
min. The survival of non-heated control cells of NRRL B-33157 strain was about 4 log
CFU/ml compared to 1.5 log CFU/ml of F4260 after 60 min under these conditions.
3.4

Discussion
We have categorized 37 L. monocytogenes strains into three groups (low, medium

and high survival) based on their inherent heat tolerance potential at 60°C. There is a high
diversity of heat tolerance within serotypes of L. monocytogenes. For example, 90% of
the 1/2a strains exhibited relatively low heat tolerance (Table 3.1 and 3.2) while only
50% of the 4b strains fell into this low heat tolerance group. Strains from serotype 4b
contained both low and medium heat tolerance groups while strains from serotype 1/2b
had both low and high heat tolerance groups. Therefore, serotype is not the sole factor
that contributes to heat tolerance variance among different L. monocytogenes strains.
Other previous studies also identified the extensive diversity in the nature of L.
monocytogenes that have been isolated from processing plants when tested at 55°C
temperature (Lundén et al., 2008). In a group of 25 L. monocytogenes strains tested,
serotype 4b strains exhibited low heat tolerance at 55°C (Lianou et al., 2006) while
majority of these 4b strains were isolated from clinical and food environments.
Several previous studies investigated the heat tolerance response of L.
monocytogenes 4b strains using L. monocytogenes Scott A as a representative strain
(Lianou et al., 2006, Doyle et al., 2001b). However, our data demonstrated that eight 4b
strains which were classified into medium heat tolerance group exhibited a much higher
heat tolerance than L. monocytogenes Scott A (Table 3.1 and 3.2). In addition, some of
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the previous studies have determined that L. innocua strains show higher thermal
tolerance than some strains of L. monocytogenes (Fairchild and Foegeding, 1993,
Foegeding and Stanley, 1991, Kamat and Nair, 1996). Our data indicated that the heat
tolerance in L. innocua was similar to that of low heat resistant L. monocytogenes strains,
and L. innocua was much more sensitive to heat inactivation when compared to medium
and high heat tolerant L. monocytogenes strains. Therefore, the diversity of heat tolerance
response among L. monocytogenes and L. innocua strains should be carefully considered
to identify the most accurate surrogates for L. monocytogenes heat-stress resistance.
In the majority of past studies, heat-stress adapted L. monocytogenes cells were
induced by pre-exposing cells to sublethal temperatures for 1 to 2 h (Agoston, 2010,
Skandamis et al., 2008, Farber and Brown, 1990, Bunning et al., 1990). However, this
approach does not represent the real food processing conditions since most of heat
inactivation treatments such as pasteurization may not exceed 30 min. Therefore, any
knowledge on the optimum sublethal heat pre-exposure time that may induce heat-stress
adaptation is valuable from the industrial perspective. We observed that as little as 15
min was adequate to induce heat-stress adaptation in L. monocytogenes that was also
consistent with the results obtained by Hassani et al. (2007). Further molecular
investigation indicated that L. monocytogenes increased the expression of Class I and III
heat shock genes after exposure to 48°C for only 3 min (van der Veen et al., 2007).
Another study identified that in E. coli heat shock proteins, the positive regulator σ32
was up-regulated after just 2-4 min after raising the temperature from 30 to 42°C (Nagai
et al., 1991). These results indicate that heat-stress adaptation in L. monocytogenes may
easily occur if there is a short-lived sublethal heat stress during thermal processing.
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However, 30 or 60 min was found to be the optimal pre-exposure time at 48°C to induce
the highest heat-stress adaptation in L. monocytogenes (Figure 3.1). Similar patterns were
observed for all strains representing low, medium and high heat tolerant L.
monocytogenes groups. On the other hand, excessive sublethal heat exposure time (90
min) at 48°C induced a reduction in heat-stress adaptation in L. monocytogenes. Such
prolonged pre-exposure to sublethal heat-stress may induce cell injury which
subsequently may negatively influence its heat-stress adaptive mechanism. Pagan et al
(Pagán et al., 1997) reported that the prolonged exposure to lower sublethal temperatures
such as 40 - 46°C (up to 9 h) did not reduce heat-stress adaptation in L. monocytogenes.
Compared to 48°C, 40-46°C was not high enough to provoke cell injury during sublethal
heat-stress.
Listeriosis outbreaks may potentially occur when a small number of L.
monocytogenes cells multiply to reach about ~1000 CFU in contaminated RTE food
products. Hence, multiplication capacity of this bacterium in RTE food products is
closely related to its infectious dose and virulence potential. Heat-stress induced cell
injury impairs cell growth capability which may increase the resuscitation time.
Therefore, it was necessary to investigate the growth rate of L. monocytogenes after
different time periods of sublethal heat exposure at 48°C. For all three representative
strains, 60 or 90 min of sublethal heat exposure at 48°C significantly delayed cell growth
in TSB-YE broth at room temperature. This illustrates that 60 to 90 min exposure at 48°C
may cause a significant cell injury to prolong the lag phase of L. monocytogenes
regardless of their heat-stress adaptation. Heat treatment triggered cell injury has been
well documented in previous studies and some groups focused on recovery of heat54

stressed L. monocytogenes cells by adding additional nutrients or reducing agar
concentration (Kang and Fung, 1999, Yan et al., 2006). Our data demonstrated that 30
min at 48°C was sufficient to trigger heat-stress adaptation in L. monocytogenes which
had no adverse effect on the lag phase and thus did not impair the growth capability (Fig
3.1 and 3.2). Therefore, potentially shorter time periods (i.e. 30 min) of sublethal heat
stress treatments may induce heat-stress adaptation without compromising the cell
integrity during food processing and may pose a significant food safety risk.
Heat-stress adaptation in L. monocytogenes cells confers cross resistance to
commonly used antimicrobials or disinfectants (Lin et al., 2002, Moorman et al., 2005).
However, such enhanced resistance of heat-stress adapted cells against antimicrobial
compounds was determined under the conditions in which L. monocytogenes cells were
immediately subjected to lethal inactivation treatments after sublethal heat pre-exposure;
but this situation may not be the typical risk scenario encountered during food processing.
Hence, it is not known how stable the acquired heat-stress adaptation is prior to
challenging with lethal inactivation steps which is a critical point that must be assessed to
determine the risk of heat-stress adapted L. monocytogenes during food processing. In the
stability assays, we observed that heat-stress adaptation in L. monocytogenes was
reversed within 2 h at room temperature (Figure 3.3) whereas it was highly stable at 4°C
for up to 24 h tested (Figure 3.4). The loss of heat-stress adaptation in L. monocytogenes
could be attributed to the reduced amount of heat shock proteins after sublethal heat
stress is removed. In E. coli O157:H7 the heat shock protein positive regulator σ32 was
found to be unstable in a steady state growth stage where sublethal heat stress was not
present (Arsene et al., 2000). The high stability of L. monocytogenes heat-stress
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adaptation after cooling step to 4°C could mainly result from the absence of active
growth in such cold environment. At the phenotypic level, pagan et al (1997) observed
that 4°C grown L. monocytogenes cells are naturally more resistant to lethal heat
inactivation at 62°C compared to 37° grown cells. The proteomic analysis identified
several heat shock proteins (GroEL, DnaK and GrpE) that induced L. monocytogenes cell
growth at 4°C for 11 days (Cacace et al., 2010). Therefore, even though refrigeration
temperature normally may delay the growth of L. monocytogenes, it may successfully
preserve the acquired heat-stress adaptation that results from the initial sublethal heatstress treatments if that occurs prior to cold storage. Under those circumstances, either a
higher reheating temperature or longer reheating time may be critical to destroy such
heat-stress adapted L. monocytogenes cells and to mitigate any food safety risk after cold
storage.
We also evaluated the survival of heat-stress adapted L. monocytogenes cells in
selected antimicrobials and other physiological stresses. When those assays were
performed under room temperature, we limited lethal inactivation time within 1 h as heatstress adaptation was partially reversed within 1 h at room temperature depending on the
strain (Figure 3.3). For those assays performed under 4°C, lethal inactivation time was
not a limiting factor since for up to 24 h L. monocytogenes cells were able to maintain
acquired heat-stress adaptation (Fig 3.4). Heat-stress adapted cells survived slightly
higher at room temperature as compared to 4°C in LAE treatment whereas enhanced
carvacrol resistance in heat-stress adapted cells was evident at both temperatures tested.
According to the literature, both compounds exhibit similar antimicrobial mechanisms
through interacting with the bacteria cell membrane (Kanazawa et al., 1995, Ultee et al.,
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2002). However, for control cells when the temperature was lowered from 22°C to 4°C it
diminished the antimicrobial efficacy of LAE while this type of efficacy reduction did
not occur for carvacol. Therefore, LAE and carvacol might have different mode of action
at 4°C which could be responsible for the difference in cross resistance response of heatstress adapted L. monocytogenes.
Since commonly used cleaners are either alkali- or oxidative-stress based, the
survival responses of heat-stress adapted L. monocytogenes cells in alkali-stress and
hydrogen peroxide were also determined. Heat-stress adaptation conferred that alkalistress resistance appears to be strain dependent indicating the antimicrobial efficacy of
alkali disinfectants could be undermined when heat-stress adapted cells are present (Fig
3.7). Similar observations were also reported which proposed that the heat-stress
adaptation in L. monocytogenes induces cross resistance to alkali based cleaners
(Taormina and Beuchat, 2001, Novak and Yuan, 2003). For oxidative stress, a reverse
pattern was observed that heat-stress adaptation rendered impaired survival in lethal
concentrations of hydrogen peroxide. A reasonable explanation is that heat-stress
adaptation caused down-regulation of oxidative related gene expression. However
published data is available on how heat-stress adaptation in L. monocytogenes modulates
oxidative stress related genes. Interestingly, in the presence of oxidative stress, survival
of L. monocytogenes cells from low, medium and high groups exhibited the same order as
their heat-stress resistance. According to our findings, oxidative chemical agents are
more efficient in eliminating the heat-stress resistant phenotypes of L. monocytogenes.
In conclusion, this study revealed the extensive diversity of heat tolerance
response in serotypes of L. monocytogenes which led to a classification of low, medium
57

and high heat tolerant strains. As a result of sublethal heat-stress adaptation, D60°C values
of low, medium and high heat tolerant strains of L. monocytogenes were increased by
minimum of a two fold increase and such heat-stress adaptation in L. monocytogenes was
unstable at 22°C but was found to be stable for 24 h at 4°C. Further studies are needed to
determine the heat tolerance response of L. monocytogenes using a diverse set of 1/2a,
1/2b and 4b strains in simulated thermal and non-thermal processing conditions, which
will have potential implications in food safety risk analysis of this pathogen.
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Table 3.1

Diversity of heat tolerance in L. monocytogenes - low heat tolerant strains
exhibiting 0-2 log survival at 60°C/10 min treatment.

Strain ID

Serotype Isolation source

Survival

Source

(Log CFU/ml
± SE)

Murray B

4ab

Human

FDA

2.0 ± 0.3

F1057

4b

Milk

CDC

<1

F1109

4b

Milk

CDC

<1

ATCC 19116

4c

Chicken, England

ATCC

2.0 ± 0.6

ATCC 19118

4e

Chicken, England

ATCC

<1

ATCC 2540

3b

Human CSF

ATCC

<1

SLCC 2479

3c

Unknown

ATCC

<1

ATCC 19114

4a

bovine brain

ATCC

<1

ATCC 19113

3a

Human, Denmark

ATCC

2.0 ± 0.11

Bug600 (EGDe)

1/2a

-

Pasteur Institute, Paris

1.5 ± 0.2

ESL A-254

1/2a

-

Dr. Wiedman, Cornell Uni

<1

DP-L1964

1/2a

-

Dr. Wiedman, Cornell Uni

<1

EGD-e, wild type

1/2a

-

Dr. Wiedman, Cornell Uni

<1
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Table 3.1 (Continued)

Strain ID

Serotype

Isolation source

Source

Survival
(Log CFU/ml ±
SE)

10403S, wild
type

1/2a

-

Dr. Wiedman,
Cornell Uni

1.5 ± 0.2

NRRL B-33001

4b

Clinical isolate

USDA,ARS

<1

NRRL B-33069

1/2a

Bovine milk

USDA,ARS

1.8 ± 0.5

NRRL B-33123

1/2b

Floor drain

USDA,ARS

1.8 ± 0.5

V7

1/2a

Raw milk (US
FDA)

FDA

<1

Scott A

4b

Human clinical

FDA

<1

F4393

4b

Cheese

CDC

<1

F5069

4b

Milk/CSF

CDC

<1

ATCC 43257

4b

Mexican style
cheese

ATCC

<1

V2

1/2c

Spinal fluid of
man, Scotland

VICAM

<1

F2385

4b

Epidemic strain,
CA,USA

California (1985)

<1

NRRL 33083

4b

Outbreak strain

ARS

<1
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Table 3.2

Diversity of heat tolerance in L. monocytogenes - medium heat tolerant
strains exhibiting 2-4 log survival at 60°C/10 min treatment.

Strain ID

Serotype

Isolation source

Source

Survival
(Log CFU/ml ±
SE)

ATCC 19117

4d

Sheep, USA

ATCC

3.4 ± 0.1

ESL B2-002

1/2a

-

Dr. Wiedman,
cornell

2.3 ± 0.3

NRRL B-33015

4b

Monkey placenta
isolate

FDA

3.3 ± 0.3

NRRL B-33058

4b

Clinical isolate

Halifax, Nova
Scotia (1981)

2.3 ± 0.7

NRRL B-33094

4b

Big fruit bat

USDA, ARS

4.0 ± 0.7

NRRL B-33109

4b

Cooler condensate

USDA,ARS

3.7 ± 0.3

NRRL B-33155

4b

Sodium caseinate

USDA, ARS

3.8 ± 0.5

NRRL B-33157

4b

Cheese plant

USDA, ARS

2.6 ± 0.1

NRRL B-33389

4b

Human isolate

USDA, ARS

2.8 ± 0.10
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Table 3.3

Diversity of heat tolerance in L. monocytogenes - high heat tolerant strains
exhibiting 4-6 log survival at 60°C/10 min treatment.

Strain ID

Serotype

Isolation source

Source

Survival
(Log CFU/ml
± SE)

SLCC2482

7

Human feces

ATCC

4.2 ± 0.1

46 NADC

-

Chicken

Iowa (A. Mendonca)

4.4 ± 0.2

F4260

1/2b

Human CSF and blood

CDC

5.4 ± 0.5

Table 3.4

Diversity of heat tolerance in other Listeria spp. – low heat tolerant strains
exhibiting 0-2 log survival and medium heat tolerant strain exhibiting 2-4
log survival at 60°C/10 min treatment.

Listeria strains Serotype

Isolation source

Source

Survival
(Log CFU/ml ±
SE)

L. welshimeri

-

-

Dr. Siragusa,
USDA,ARS

<1

L. grayi

-

Chinchilla feces,
Denmark

ATCC

<1

L. ivonii

-

-

USDA.ARS

<1

L. seeligeri

1/2b

Soil

VICAM

<1

L. innocua

6a

Cow brain

VICAM

<1

L. innocua

4ab

Human feces

VICAM

<1

L. murrayi

-

-

VICAM

3.6 ± 0.2
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Figure 3.1

Effect of sublethal heat-stress at 48°C for 0 (□), 5 (■), 15 (▲), 30 (∆), 60
(○) and 90 (●) min on survival of three L. monocytogenes serotypes at
60°C:

(A) Bug600 (serotype 1/2a); (B) NRRL B-33157 (serotype 4b; and (C) F4260 (serotype
1/2b).
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Table 3.5

D60°C values of three L. monocytogenes strains representing low (Bug600),
medium (NRRL B 33157) and high (F4260) heat tolerant groups.

D value (min) at 60°C

L. monocytogenes
Pre-heating at 48°C Bug600 (EGDe)

L. monocytogenes
NRRL B 33157

L. monocytogenes
F4260

(serotype 1/2a)

(serotype 4b)

(serotype 1/2b)

0 min

1.9 ± 0.2 (a)

2.8 ± 0.0(a)

4.3 ± 0.0(a)

5 min

2.1 ± 0.0 (a)

4.2 ± 0.0(b)

5.7 ± 0.5(ab)

15 min

3.1 ± 0.2 (ab)

4.3 ± 0.3(b)

8.0 ± 0.7(bc)

30 min

4.0 ± 0.5 (bc)

5.4 ± 0.1(c)

10.4 ± 0.5(c)

60 min

5.0 ± 0.5 (c)

5.7 ± 0.2(c)

9.8 ± 0.2 (c)

90 min
2.9 ± 0.1 (ab)
5.0 ± 0.4(bc)
8.1 ± 0.4(bc)
Within columns means followed by different lowercase letters are significantly different
based on Tukey’s ANOVA test (P < 0.05).
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Figure 3.2

Effect of sublethal heat-stress at 48°C for 0 (□), 5 (■), 15 (▲), 30 (∆), 60
(○) and 90 (●) min on the lag phase of three L. monocytogenes serotypes at
room temperature:

(A) Bug600 (serotype 1/2a); (B) NRRL B-33157 (serotype 4b; and (C) F4260 (serotype
1/2b).
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Figure 3.3

Effect of sublethal heat-stress at 48°C for 60 min and followed by cooling
at room temperature for (■) 0 h, ( ) 1 h and ( ) 2 h on survival at 60°C in
three L. monocytogenes serotypes:

(A) Bug600 (serotype 1/2a) for 10 min; (B) NRRL B-33157 (serotype 4b for 15 min; and
(C) F4260 (serotype 1/2b) for 20 min. Bars with different lowercase letters indicate mean
significant differences based on Tukey ANOVA test (P<0.05).
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Figure 3.4

Effect of sublethal heat-stress at 48°C for 60 min and followed by cooling
at 4°C for 0, 2, 6 and 24 h on survival at 60°C in three L. monocytogenes
serotypes:

(A) Bug600 (serotype 1/2a) for 10 min; (B) NRRL B-33157 (serotype 4b) for 15 min;
and (C) F4260 (serotype 1/2b) for 20 min. No sublethal heat stress (□) or sublethal heat
stress at 48°C (■). Bars with different lowercase letters indicate mean significant
differences based on Tukey ANOVA test (P<0.05).
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Figure 3.5

Effect of sublethal heat-stress at 48°C/30 min on survival in LAE treatment
at room temperature (35 ppm/30 min) or 4°C (41ppm/2h) in three L.
monocytogenes serotypes:

(A) Bug600 (serotype 1/2a); (B) NRRL B-33157 (serotype 4b); and (C) F4260 (serotype
1/2b). No sublethal heating (□) or sublethal heating at 48°C (■). Sublethal heating
treatments showing statistically higher survival are marked by asterisk (P<0.05).
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Figure 3.6

Effect of sublethal heat-stress at 48°C/30 min on survival in carvacol
treatment at room temperature (428 ppm/30 min) or 4°C (535ppm/4h) in
three L. monocytogenes serotypes:

(A) Bug600 (serotype 1/2a); (B) NRRL B-33157 (serotype 4b; and (C) F4260 (serotype
1/2b). No sublethal heating (□) or sublethal heating at 48°C (■). Sub-lethal heating
treatments showing statistically higher survival are marked by asterisk (P<0.05).
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Figure 3.7

Effect of sublethal heat-stress at 48°C for 30 min on survival in lethal
alkali-stress (pH 12.5) at room temperature in three L. monocytogenes
serotypes:

(A) Bug600 (serotype 1/2a); (B) NRRL B-33157 (serotype 4b; and (C) F4260 (serotype
1/2b). No sublethal heating (□) or sublethal heated at 48°C (■).
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Figure 3.8

Effect of sublethal heat-stress at 48°C for 30 min on survival in H2O2 (1600
ppm) at room temperature in three L. monocytogenes serotypes:

(A) Bug600 (serotype 1/2a); (B) NRRL B-33157 (serotype 4b; and (C) F4260 (serotype
1/2b). No sublethal heating (□) and sublethal heating at 48°C (■).
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3.5

Summary and conclusions
The ability of L. monocytogenes strains to induce multi-stress adaptation and

survive better in certain circumstances during food processing is a dangerous food safety
risk. Our results indicate that there is a high diversity in heat tolerance within strains of L.
monocytogenes serotypes and their heat-stress adaptation once acquired is still preserved
after cooling step which should be taken into account while conducting risk analysis for
this pathogen. We have evaluated the heat tolerance of L. monocytogenes strains
representing all 13 known serotypes and categorized them into three groups (low,
medium and high survival) based on their inherent heat tolerance potential at 60°C. We
also have identified some strains of L. monocytogenes that exhibited 5.4 log CFU/ml
greater survival when compared to other strains at 60°C. We have also characterized the
increased survival of L. monocytogenes strains representing each group when subjected to
sublethal heat-stress at 48°C prior to 60°C. The high stability of heat-stress adaptation
that was observed in different strains at refrigeration temperature is another important
finding from our study. In characterizing the cross resistance of heat-stress adapted cells
of L. monocytogenes towards antimicrobials and disinfectants, our findings show that
oxidative chemical agents are more efficient in eliminating the heat-stress resistant
phenotypes of L. monocytogenes than lethal alkali treatments. Thus, overall this study
comprehensively contributes the phenomenon of heat-stress adaptation in L.
monocytogenes which will have significant implications in food safety risk analysis.
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